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1. Introduction 

In our daily lives, we are constantly exposed to a multitude of natural and synthetic com-
pounds from drugs, cosmetics, food additives, pesticides, and many such sources. Several of 
these compounds exist as small molecules, and have specific interactions with the human body 
that can alter physiological processes. There is often a need to quantifiably detect the presence 
of these small molecules in the human body, to identify possible health threats or to monitor 
their relevant physiological levels. While gold-standard techniques such as liquid chromatog-
raphy1 offer extremely high accuracy, their sample handling and measurement protocols are 
often demanding in skill and time, and can severely burden healthcare systems. The pandemic 
of CoVID-19 has shown how even some of the most advanced healthcare systems of the world 
can fall severely short of resources for testing and diagnostics, when handling large sample 
volumes. Thus, the development of point-of-care (POC) diagnostic methods and platforms that 
are simple to operate, and yet can provide highly accurate and fast results, are vital to the future 
of health and well-being of humanity.2–5  

Electrochemical methods are a highly promising route to achieving this goal, owing to their 
simplicity, possibility for miniaturization, high sensitivity, and speedy results.6 The term ‘elec-
trochemistry’ was first coined by George John Singer in 1814, to denote the process where a 
chemical change is induced in a material due to passage of electricity, or the reverse where an 
electric current is generated as a result of a chemical reaction.7 The field of electrochemical 
sensing was spearheaded by Clark et al. in 1953, with their demonstration of continuous re-
cording of blood oxygen tensions, by electrochemical reduction of oxygen at a platinum elec-
trode.8 The subsequent development of an enzymatic amperometric glucose sensor by Clark 
and Lyons in 19629 led to the production of the first commercial electrochemical biomolecule 
(glucose) sensor by Yellow Spring Instrument Company (YSI Inc., USA) in 1975. The past five 
decades have seen an exponential increase in the research efforts towards the development of 
‘electrochemical sensors’ for various small synthetic molecules and biomolecules, with over 
52600 journal articles indexed under these terms in the ‘Web of Science’ database as of March 
2022.10  

The International Union of Pure and Applied Chemistry (IUPAC) recommends the definition 
of electrochemical sensors as “devices (that) transform the effect of the electrochemical inter-
action (of) analyte – electrode into a useful signal.”11 Sensitivity is a primary performance pa-
rameter of an electrochemical sensor, and refers to the ability of the sensor to generate a reli-
able and measurable signal from the target analyte, and in the case of drugs and biomolecules, 
in a physiologically relevant concentration range. Conventionally, the sensitivity of an electro-
chemical sensor is directly proportional to the electrochemically active surface area of the sen-
sor available for analyte reduction-oxidation (redox) reactions. Nanomaterials allow for the 
drastic increase in active surface, without increasing the geometrical area of electrodes, and 
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thereby enable the increase in sensitivity without compromising on the compactness of the 
device. Advancements in the field of nanotechnology and nanomaterial processing have made 
it possible to achieve limits of detections in the range of nanomoles, or even picomoles, for 
various small drugs and biomolecules. Several extensive review articles have been published 
in the recent years, discussing the developments, achievements and future of various nano-
materials based electrochemical sensors.12–16  

Carbon nanomaterials and thin films have secured an especially strong foothold in this field 
owing to their several attractive properties such as high electrical conductivity, mechanical 
strength, chemical stability, improved reaction kinetics and wide operation potential.17–21 Sev-
eral different forms of carbon nanomaterials are reported in research works for the develop-
ment of electrochemical sensors, including graphene, graphene oxide, fullerenes, single and 
multiwalled carbon nanotubes (SWCNT and MWCNT), carbon nanofibers, nano diamonds 
and amorphous carbon thin films. MWCNT are of particular interest for development of elec-
trochemical platforms on a commercial scale, owing to their high yield and low-cost industrial 
production capability, as well as relatively high mechanical and chemical robustness compared 
to other carbon nanomaterials. An inherent hurdle to the use of carbon nanotubes for most 
applications, is their poor dispersibility in both aqueous and non-aqueous media, due to the 
large aspect ratios and strong π−π interactions which result in strong entanglement and bun-
dling of the tubes. In electrochemical sensor applications, the bundling results in loss of effec-
tive surface area available for analytes and thus affects the sensor performance. Dispersion of 
MWCNT is often achieved by various chemical (covalent) or physical (non-covalent) function-
alization methods. The chemical functionalization methods introduce covalently bonded reac-
tive functional groups on the sidewalls or intrinsic defect sites of the MWCNT, typically by the 
use of harsh chemicals and high energy ultrasonication processes which result in degradation 
of the MWCNT mechanical and electron transport properties.22,23 On the other hand, the phys-
ical methods utilize van der Waals forces and hydrophobic interactions for non-covalent mod-
ification of the MWCNT sidewalls by various aromatic compounds, surfactants, and synthetic 
or bio- polymers.24  

Nanocellulose is one such biopolymer that has recently gained interest as an ecologically and 
economically sustainable alternative for the dispersion of various carbon nanomaterials.25–28 
The cellulose structure is made of repeating units of β-1,4-linked anhydro-D-glucose, with six 
free hydroxyl (-OH) groups that are highly chemically reactive. Extraction of nano-structured 
cellulose from plant-based cellulosic materials, such as cotton or wood pulp, often involves a 
series of chemical and mechanical pre-treatment processes that result in modification of the 
reactive hydroxyl groups by different surface functional groups. These (often charged) surface 
functional groups improve the stability of nanocellulose suspension in aqueous media. In ad-
dition, several functionalization chemistries have been proposed over the recent years for sur-
face modification of nanocellulosic materials, aimed at tailoring their ease of extraction, dis-
persion properties, rheological and thermal behavior, as well as mechanical and optical prop-
erties. The use of such functionalized nanocellulosic materials in composites with other mate-
rials often adds a new dimension of functionality that must be thoroughly characterized in or-
der to optimize the overall composite performance for any desired application. The versatility 
of nanocellulose geometries and functionalizations, along with availability of different types of 
carbon nanomaterials, offer great potential for the development of novel, sustainable, point-
of-care electrochemical diagnostic platforms based on hybrid nanocellulose / carbon nano-
material composites. Several such promising electrochemical sensor applications of 
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nanocellulose / nanocarbon composites are being proposed in the recent years.29–34 However, 
there are currently only very limited systematic studies investigating the effects of using differ-
ent nanocellulose grades upon the performance of such sensors.34 This thesis, along with the 
included publications, discusses the applicability and influence of different nanocellulose 
grades for the development of electroanalytical platforms with MWCNT. 

1.1 Objectives and overview of publications 

The primary objective of this research is to develop nanocellulose / nanocarbon composites 
for direct electrochemical detection of small molecules and understand the role of nanocellu-
lose upon the performance of such composites. To realize this objective, the following research 
questions were formulated and addressed in the Publications included in this thesis: 

(i) Does the inclusion of nanocellulose enhance the performance of a MWCNT -based 
electrochemical sensor? 

(ii) Can nanocellulosic materials with different geometry and functionalization be used 
to develop robust and sustainable electrochemical platforms with MWCNT? 

(iii) How do the nanocellulosic material properties affect the physical, chemical and elec-
trochemical properties of the nanocellulose / MWCNT composites?  

Five different nanocellulose / MWCNT composites were produced in this work, using a com-
mercially sourced grade of MWCNT (same in all composites). Diced pieces of a silicon wafer 
coated with tetrahedral amorphous carbon (ta-C) thin film were used as the substrate for the 
nanocellulose / MWCNT composites in all included publications. In Publication I, the sulfated 
cellulose nanofibrils used were kindly provided by Betulium Oy, and are hereafter denoted as 
B-SCNF. A suspension of MWCNT, B-SCNF and Nafion was prepared in 99.5 % ethanol and 
drop-cast on ta-C to obtain MWCNT / B-SCNF / Nafion composite modified electrodes. In 
Publications II and III, four different nanocellulosic materials namely sulfated cellulose nano-
fibrils (SCNF), TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl)-mediated oxidized cellulose 
nanofibrils (TOCNF), sulfated cellulose nanocrystals (SCNC), and APTMS ((3-aminopropyl) 
trimethoxysilane)-mediated amino-silanized cellulose nanocrystals (ACNC), were produced in 
collaboration with VTT Technical Research Centre of Finland. All 4 functionalized nanocellu-
losic materials were used to develop stable aqueous suspensions of commercial MWCNT with-
out any need for pretreatments or additives. These suspensions were then drop-cast on ta-C 
substrates with a self-adsorbed polyethyleneimine (PEI) layer, to obtain the different nanocel-
lulose / MWCNT composite electrodes. 

Physical and chemical properties of the nanocellulosic components, and their composites 
with MWCNT, were characterized using a combination of several different techniques includ-
ing scanning electron microscopy (SEM), transmission electron microscopy (TEM), TEM to-
mography, Fourier transform infrared spectroscopy (FTIR) in attenuated total reflection 
(ATR) mode, Raman spectroscopy, X-ray absorption spectroscopy (XAS), ultraviolet (UV)-vis-
ible spectroscopy, profilometry, ζ-potential measurements, gas adsorption analysis, elemental 
analysis and conductometric titration. Electroanalytical performances of the composites were 
evaluated from cyclic voltammetry (CV) measurements with both outer and inner sphere redox 
(OSR and ISR) probes, such as Ru(NH3)62+/3+ (hexaammineruthenium(III)), IrCl63-/2- (hexa-
chloroiridate(IV)), dopamine (DA), uric acid (UA), ascorbic acid (AA) and paracetamol (PA). 
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The electrolytes used were either 1 M KCl or 1x phosphate buffer saline (PBS) solution in the 
analytical CV measurements. A summary of the electrode materials and characterization meth-
ods used in different publications included in this thesis is presented in Table 1.   

Table 1. Summary of electrode materials, characterization methods and electrochemical studies used in the publi-
cations included in this thesis.  

Publica-
tion Composite Substrate Physical and chemical 

characterization 
Electrochemical 
studies 

I B-SCNF / MWCNT / 
Nafion ta-C SEM, TEM, ATR-FTIR,       

Raman, ζ-potential 

Ru(NH3)6
2+/3+, 

IrCl62-/3-, 
DA, UA, AA 

II 

SCNF / MWCNT, 
TOCNF/ MWCNT, 
SCNC / MWCNT, 
ACNC / MWCNT 

ta-C with 
PEI – interlayer 

Elemental analysis, con-
ductometric titration, 
ATR-FTIR, UV–visible spec-
troscopy, ζ-potential, SEM, 
TEM, profilometry 

Ru(NH3)6
2+/3+, 

IrCl62-/3- 

III 
SCNC / MWCNT, 
SCNF/ MWCNT, 
TOCNF / MWCNT 

ta-C with 
PEI – interlayer 

TEM tomography, XAS, 
Gas adsorption analysis DA, UA, PA 

Relevant literature and background on the different materials used in this work are intro-
duced in chapter 2, together with the motivations for this research. Preparation of the func-
tionalized nanocellulosic materials, and their composites with MWCNT, as well as the fabrica-
tion of nanocellulose / MWCNT modified electrodes are described in detail in chapter 3. The 
objectives, instrumentation and sample preparation protocols for various physical and chemi-
cal characterization methods used in this work are outlined in chapter 4, and the electrochem-
ical measurement protocols used in this thesis are also reviewed. Results of the various physical 
and chemical characterizations, as well as the electrochemical behaviours of the proposed 
nanocellulose / MWCNT composite electrodes are presented and discussed in detail in chapter 
5. The main conclusions of this work are summarized in chapter 6 along with the future outlook 
for this research.  
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2. Background 

2.1 Carbon nanotubes 

In their 2013 article,35 M.S. Dresselhaus and M. Terrones provide an interesting historical 
perspective of the discovery and development of various carbon-based nanomaterials, and 
their applications. Although TEM images of ‘hollow tubes’ of carbon were reported in publica-
tions as early as 195236 and 197637, the discovery of multiwalled carbon nanotubes is attributed 
to S. Iijima, for his work on producing and characterizing ‘coaxial tubes of graphitic sheets’ by 
arc-discharge evaporation of carbon in 1991.38 The first work on bulk synthesis of MWCNT by 
arc-discharge, was published by T. Ebbesen and P. Ajayan in 1992.39 In the following years, 
several methods were proposed for the production of single and multi -walled carbon nano-
tubes, including pyrolytic decomposition of hydrocarbon vapor,40 laser41 and solar42 evapora-
tion of graphite, chemical treatment of bulk polymers,43 pyrolysis of refractory metastable car-
bon containing compounds,44 and electrolysis of graphite cathode45. Among these, the pyrolytic 
decomposition of hydrocarbon vapor, which is a chemical vapor deposition (CVD) process, has 
become the most popular method for industrial scale mass production of MWCNT, owing to 
relatively low setup cost, ease of scale-up, high yield and tailorability of produced CNT struc-
tures.46,47  

 

 Schematic representation of a CVD process (a) and CNT growth by base-growth (b) and tip-
growth (c) models, reprinted with permission from Zaytseva et al.48  
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A simplified schematic of CNT growth by CVD process is shown in Figure 1. In brief, the 
growth of carbon nanomaterials by a CVD process can be summarized as the decomposition of 
a carbon source (e.g., hydrocarbon gas) releasing carbon atoms, followed by the precipitation 
and crystallization of these carbon atoms to form nanostructures. However, this is a simplistic 
summary, and the actual growth mechanisms for the different carbon nanostructures are 
highly dependent upon the process parameters such as the carbon source, presence and nature 
of catalyst, substrate, temperature, and carrier gas, to name a few. Some commonly used car-
bon sources include carbon monoxide, ethane, ethylene, methane, acetylene, benzene, toluene, 
and xylene. There is continuous ongoing research on different carbon sources for economic 
and environmental reasons, and several alternatives including carbonized organic polymers, 
petroleum by products such as kerosene, and agricultural products like camphor, eucalyptus 
oil, etc., have been proposed as carbon sources for the growth of CNT. The purity and concen-
tration of the carbon source have a direct impact on the purity and yield of the carbon nano-
materials grown in the CVD processes, and hence most present-day industrial processes use 
high purity carbon-based gases for growing CNT.  

Another important parameter influencing the growth of CNT by CVD is the use and choice of 
catalyst. The role of a catalyst in the CVD process is to primarily reduce the decomposition 
temperature of the carbon source and facilitate the nucleation of CNT. Several different cata-
lysts have been proposed over the years, including metals, ceramics, semiconductors, bi- or tri- 
metallic alloys, metal oxides and organo metallic compounds. Although non-catalytic CVD pro-
cesses based on all carbon systems have been successfully demonstrated,49,50 the improved ef-
ficiency, yield and controllability of CNT structures produced in the presence of well-designed 
catalyst systems make them the more viable option for industrial mass production of CNT.51–

53 Among the various available catalyst options, transition metal-based systems comprising of 
Fe, Ni and Co have been successfully demonstrated for large scale fabrication of both single 
and multi -walled CNT, and presently dominate the industrial processes, owing to their relative 
abundance, low cost, ease of handling and versatility. In the presence of transition metal cata-
lysts, a widely accepted growth mechanism for carbon nanotubes is based on the vapor-liquid-
solid (VLS) theory,54,55 which predicts that the vapor phase carbon source is catalytically de-
composed at the transition metal catalysts, followed by dissolution of carbon into the metal, 
forming a eutectic metal-carbide liquid. Upon further increase in carbon content of the liquid 
eutectic phase, carbon undergoes phase separation and produces solid precipitates in the form 
of nanotubes. The metal catalysts are often found embedded as nanoparticles (NP) within the 
carbon nanotubes produced by this method, and are typically considered to be impurities. Sev-
eral purifying techniques such as acid treatment, flocculation, microfiltration and centrifuga-
tion are typically employed to remove the catalyst metal impurities, and to isolate carbon nano-
tubes of required dimensions from other amorphous carbon impurities formed during the CVD 
processes.  

The industrial technologies for production of different CNT structures have matured signifi-
cantly over the past years, allowing for the mass production of CNT at reasonable costs. A re-
port56 published in 2015 estimated that the global market for carbon nanotubes would increase 
from 5064.1 tons in 2014 to over 20,000 tons by 2022, and another recent report in 202257 
estimated a market value of 4.05 billion United States Dollars (USD) in 2021, projected to in-
crease to around 10.8 billion USD by 2027. The cost of CNTs can vary significantly with their 
specifications such a purity, functionalization and length, with prices ranging from as low as 4 
USD per gram to several hundred USD per gram. Several applications utilizing CNTs in 
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conductive polymers, reinforced composites, paints and thin films, have already reached the 
consumer market in products such as bicycle frames, tennis rackets, protective clothing, auto-
mobile coatings, etc. High value applications that have more demanding requirements in terms 
of CNT structure, orientation and purity, for example, photovoltaic devices, sensors, superca-
pacitors, etc., are increasingly researched and might soon be widely available in consumer mar-
kets. Electrochemical sensing is one of the high value application fields where CNT-based plat-
forms have shown exceedingly promising results and are increasingly researched at present. 
The following sections provide a brief introduction to the electrochemical properties of CNT, 
the challenges involved in developing CNT-based electroanalytical platforms and the relevance 
of this research work in addressing these challenges.  

2.1.1 Electrochemical properties of carbon nanotubes 

The versatile applications of carbon nanotubes arise from their exceptional mechanical and 
electrical properties resulting from their unique physical and chemical nature.58 A brief over-
view of the electronic nature and electrochemical properties of carbon nanotubes are discussed 
in this section. A single walled carbon nanotube is conceptually a hollow cylindrical rolled-up 
sheet of graphene, consisting of sp2 hybridized carbon atoms arranged in a hexagonal lattice. 
The diameter of a SWCNT can range from 0.4 nm to over 10 nm, depending upon synthesis 
parameters.59 When more than two hollow cylindrical nanotubes are stacked concentrically 
around one another with an interlayer distance of ~0.34 nm, they are referred to as multiwalled 
carbon nanotubes. The inner and outer diameters of MWCNT are also heavily influenced by 
the synthesis parameters, and can range from a few nm to tens of nm for inner diameters, and 
even up to few hundred nm for outer diameters.51,53,58,60 Schematic representations of gra-
phene, SWCNT and MWCNT are shown in Figure 2. The lengths of CNT are typically several 
orders of magnitude higher than the diameters, starting from a few microns up to several mil-
limeters, resulting in their one-dimensional (1D) nature. The electronic property of a SWCNT 
can be extrapolated from that of a graphene sheet, and can accordingly be either metallic or 
semiconducting in nature, depending upon the chirality of wrapping.60–62 The concentric walls 
of a MWCNT often consist of tubes of varying chiralities, and the presence of a single metallic 
tube wall is considered to render an overall metallic nature to the MWCNT. Electron transport 
mechanisms in CNT are found to be either ballistic or diffusive (quasi-ballistic) depending 
upon their nature (metallic / semiconducting) and dimensions, as well as the presence and 
nature of defects such as lattice vacancies (or inclusions), rehybridization sites (sp3 bonds), 
dopants, metallic nanoparticles (catalysts), open ends and functional groups.63–66 Conse-
quently, all these factors also play a significant role in the performance of CNT -based electro-
chemical sensors.18,21,67–69  

 

 Schematic representation of (a) graphene, (b) single walled carbon nanotube and (c) multi-
walled carbon nanotube.  
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Conventional carbon electrodes were used in electroanalytical applications as early as 195870 
and have several attractive properties such as low cost, good chemical stability, high electrical 
conductivity, wide potential window in aqueous environments and biocompatibility. Naturally, 
with the invention of CNT, they became highly promising alternatives for electroanalytical ap-
plications due to their high aspect ratios (increased surface area) and improved mechanical 
and electrical properties. The first CNT-based electrochemical sensor was proposed by Britto 
et al.71 in 1996 for the detection of dopamine. Since then, the number of research articles pro-
posing various kinds and configurations of CNT-based electrodes for electrochemical sensing 
applications have grown exponentially, and are in the order of thousands per year in the recent 
decade. Initially, the CNT electrodes were thought to have electrocatalytic effects towards the 
detection of biomolecules.72–74 However, subsequent works75–80 demonstrated that the en-
hanced electrochemical activity observed at CNT-modified electrodes were similar to that of 
edge plane pyrolytic graphite (EPPG) electrodes, and proposed that only the ends of the carbon 
nanotubes and “edge-plane-like” defect sites on the tube walls were electrochemically active. 
These studies argued that the defect-free sidewalls of CNT are inert as they exhibit very low 
electron transfer activity like that of basal plane pyrolytic graphite (BPPG). In contrast, reversi-
ble electrochemistry has been demonstrated at the defect free sidewall of a single SWCNT by 
Heller et al.81 and several other studies demonstrate the electrodeposition of metal nanoparti-
cles on the sidewalls of CNT82–84 indicating that the electrochemical activity at defect-free CNT 
sidewalls cannot be fully ignored. Further, the presence of impurities such as catalyst nanopar-
ticles55,85 used during the CNT growth, and surface functionalities resulting from chemical pro-
cessing steps86 have also been shown to significantly affect the electrochemical activity of the 
corresponding CNT-based electrodes. Laurila et al. have discussed in detail, the electrochemi-
cal activity of carbon based nanomaterials and the effect of their surface chemistry towards the 
detection of biomolecules.87 Such studies highlight the differences observed in the electro-
chemical activities at different CNT materials, and thus emphasize the need for thorough char-
acterization of the physical and chemical nature of the CNT used.68  

In addition to the intrinsic CNT properties, another vital factor influencing the electrochem-
ical performance of the CNT-based electrode, is the morphology of the final electrode, resulting 
from the dispersion (orientation) of the CNT on the substrate. Highly aligned CNT structures 
have been proposed for electroanalytical applications, including self-assembled CNT layers by 
chemical functionalization88 and direct growth of CNT on planar electrode substrates tem-
plated with catalyst nanoparticles89,90. However, a vast majority of research works to-date (in-
cluding this work) utilize randomly oriented CNT structures produced by CVD methods, ob-
tained in dry powder form and deposited onto conventional electrode surfaces either by phys-
ical or chemical dispersion in different solvents or polymer matrices. The following section 
provides a brief overview of the commonly used techniques in literature for dispersion of CNT.    

2.1.2 Dispersion of carbon nanotubes 

The large surface areas and aspect ratio of carbon nanotubes result in strong inter-tube in-
teractions, predominantly due to van der Waals dispersion forces arising from π−π interactions 
of the sp2 bonded carbon lattice.91 This results in strong aggregation or bundling of the nano-
tubes, making it difficult to obtain stable dispersions in most aqueous and organic solvents, 
and thus poses a major hurdle in the development of CNT-based electrodes from commercially 
produced bulk CNT. In their first demonstration of a CNT-based electrode for electroanalysis, 
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Britto et al.71 mixed the dry CNT with bromoform and packed the resultant paste into a glass 
tube, contacted with a platinum or copper wire from the unpacked end. Subsequently, Luo et 
al.72 proposed the carboxylation of CNT by nitric acid treatment followed by dispersion in N,N-
dimethylformamide (DMF), for obtaining stable suspensions that can be used to prepare CNT 
films on conventional electrodes such as glassy carbon (GC). Wang et al.92 demonstrated the 
preparation of amperometric sensors from stable dispersions of CNT in 5 wt% solution of 
Nafion, a perfluoro sulfonated polymer. Over the years, several different alternatives have been 
proposed for the dispersion of CNT, and they can be broadly classified into either covalent 
(chemical) or non-covalent (physical) methods. With the exception of CNT structures directly 
grown on electrode materials89,90 and SWCNT networks obtained as thin films,93,94 virtually all 
bulk CNT-based electrochemical sensor developments reported so far involve one or more of 
these functionalization or dispersion techniques, and categorizing the multitude of literature 
based on these categories is beyond the scope of this thesis. Therefore only a few predomi-
nantly used methods are discussed in the following paragraphs, with referencing limited to 
comprehensive review articles where available. Figure 3 shows a schematic overview of some 
of the commonly used covalent and non-covalent functionalization techniques for improving 
the dispersion of CNT in various solvents.  

 

 Simplified representation of some common covalent and non-covalent methods used for func-
tionalization and  dispersion of carbon nanotubes. 

Covalent functionalizations of CNT involve chemical modification of the sidewalls, tube ends 
or intrinsic defect sites with functional moieties, typically by treatments with harsh acids or 
chemicals at elevated temperatures.95–98 Acid cutting of CNT with nitric acid or a mixture of 
nitric acid and concentrated sulfuric acid is one of the most commonly used covalent function-
alization techniques. This method results in the introduction of a high density of various oxy-
gen functionalities (mainly carboxyl groups) at the tube ends, defect sites and side walls of the 
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CNT.98 The carboxyl groups significantly improve the dispersion of CNT in aqueous and or-
ganic solvents by increasing polar interactions and reducing van der Waals forces. In addition, 
the carboxyl groups serve as precursors for subsequent solution based chemistries such as 
amidization or esterification, thereby enabling the CNT modification with several functional 
groups.99,100 However, chemical modifications often result in shortening of tube lengths, in-
crease in sidewall defects and oxidation of intrinsic catalyst metal impurities, which can have 
a significant effect on the various properties of the CNT, especially their electrochemical activ-
ity.22,101   

Non-covalent functionalizations of CNT are achieved by adsorption of surfactants, polymers 
or biomolecules onto the tube walls, by van der Waals forces, electrostatic interactions and 
π−stacking, thereby improving dispersion and preventing the inherent tube bundling.102–104 
Some of the commonly used surfactants include sodium cholate (SC), sodium dodecyl sulfate 
(SDS), and sodium dodecylbenzene sulfonate (NaDDBS), Triton X-100 (TX), Tween 20 (TW), 
cetyltrimethylammonium bromide (CTAB), to name a few.105–107 Among the synthetic poly-
mers, Nafion,92,108–111 poly (3,4-ethylenedioxythiophene) (PEDOT), polyaniline (PANI), poly 
(allylamine hydrochloride) (PAH), poly (acrylic acid) (PAA), poly (ethylenimine) (PEI),112 poly 
(sodium 4-styrenesulfonate) (PSS), are some of the commonly found candidates in litera-
ture.113,114 Similarly, several different biopolymers (or polymeric biomolecules) including pro-
teins,115 lipids,116,117 deoxyribonucleic acid  (DNA),118–121 chitosan,122,123 cellulose derivatives124,125 
and nanocellulose27,126, have all been successfully demonstrated to aid in the dispersion of CNT. 
Although the non-covalent functionalizations do not alter the intrinsic chemical nature of the 
CNT, they often require the use of additional mechanical forces such as sonication, for the ex-
foliation of CNT bundles prior to modification by non-covalent adsorption. The intensity and 
duration of the mechanical treatments must be carefully optimized in order to enable efficient 
debundling of the tubes, but minimize their destruction.127,128  

For the development of electrochemical sensor platforms, these functionalized CNT suspen-
sions are typically used to modify conventional electrode surfaces by drop-casting, screen 
printing, stencil printing, or dip coating. Carbon electrodes such as glassy carbon electrode 
(GCE), carbon paste electrode (CPE), screen printed carbon electrode (SPCE), boron doped 
diamond electrode (BDDE), pyrolytic graphite electrodes, and amorphous carbon (aC) thin 
films are commonly used as substrates for CNT modification. Metal electrodes such as gold, 
silver or platinum, conductive thin films such as indium tin oxide (ITO), silver paste, etc., have 
also been modified with CNT dispersions. The CNT-modified electrodes are often shown to 
have improved sensitivity and selectivity towards different biomolecules, compared to unmod-
ified electrode substrates. However, there is a surprising lack of literature on detailed investi-
gations regarding the origin of such improved electroanalytical performances in the various 
CNT functionalization and deposition techniques reported. For instance, chemical functional-
izations have been shown to modify the intrinsic physical and chemical properties of the CNT, 
thereby having a direct effect upon their electron transfer properties. In contrast, the non-co-
valent methods predominantly affect the overall morphology of the CNT-modified electrode. 
Various factors such as the type and concentration of dispersant and solvent used, dispersion 
mechanism, time and energy, CNT loading, method of application of the CNT suspension, and 
substrate morphology, all have significant effects upon the morphology, and consequently the 
electrochemical behavior, of the resultant non-covalently CNT-modified electrode. Thus, it is 
vital to characterize the effect of different modifications upon both the physical and chemical 
nature of the CNT-modified electrodes, and correlate it to their fundamental electrochemical 
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behavior. This is especially important in case of biopolymers with versatile nanoscale dimen-
sions and surface chemistries, such as nanocellulose, as they can add further functionalities 
and tailorable electrochemical properties when used as non-covalent dispersants for CNT. A 
brief overview of nanocellulosic material properties, their production and use as dispersant for 
carbon nanomaterials are discussed in the following sections.  

2.2 Nanocellulose 

Cellulose is a linear long-chain organic polymer with the molecular formula  (C6H10O5)n, and 
is composed of several repeating units of D-anhydro glucose units that are linked together by 
β(1→4)-glycosidic bonds (Figure 4).129 It is found abundantly in nature, occurring as the main 
structural component of plant cell walls, as well as in several species of fungi and algae, and is 
even secreted by some bacterial organisms. The cellulose content of plant cell walls can vary 
from ~40 % in woody plants, to as high as ~90 % in cotton, and is often found in a matrix of 
other polysaccharides such as lignin, hemicellulose, pectin and other proteins in the primary 
and secondary cell walls.130 The linear cellulose units in plants occur naturally as micro- and 
macrofibrillar assemblies that are stabilized by intra- and intermolecular hydrogen bonding 
and interchain van der Waals interactions.131 Extraction of micro- and nanoscale cellulose 
structures from plant-based cellulose was first demonstrated by Turbak et al. in 1983.132 Since 
then, there has been an exponential increase in interest towards the extraction of various 
nanostructured cellulosic materials using different enzymatic, chemical and mechanical ap-
proaches, as well as in their applications to a wide range of a fields ranging from food, medi-
cine, environment and energy storage. 

 

 Structure of cellulose with repeating D-anhydro glucose units, where the order of carbon at-
oms in the glucose molecule are indicated in green numbers.  

 Native plant-based cellulose is composed of both crystalline and amorphous regions, and 
the degree of crystallinity depends upon the plant source.133 Nanoscale cellulosic materials 
comprising of both crystalline and amorphous regions are referred to as cellulose nanofibrils 
(CNF), and those with predominantly crystalline structure are referred to as cellulose nano-
crystals (CNC). Various other terminologies such as microfibrillated cellulose (MFC), nano-
fibrillar cellulose (NFC) and nanocrystalline cellulose (NCC), can also be found in literature 
referring to such materials. Nanofibrillation of plant-based cellulose fiber is often achieved by 
mechanical processes such as grinding, high pressure homogenization, ultrasonication and 
blending. The high shear and impact forces generated during these processes weaken the in-
termolecular bonds, thereby resulting in the cleavage of larger cellulose aggregates along both 
transverse and longitudinal directions. The resulting fibrillar structures exhibit long entangled 
web-like geometries with high aspect ratio (widths in the nanoscale and lengths of several mi-
crons), comprising of both crystalline and amorphous regions. The dimensions of nanofibrillar 
cellulose are highly dependent on the plant source and type of mechanical extraction process 
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used along with the initial chemical / enzymatic pretreatments. The intensity and number of 
iterations of the mechanical processing also influence the fibril dimensions to a large extent.134 
Extraction of crystalline nanocellulose from plant cellulose, on the other hand, involves strong 
chemical treatments such as prolonged acid hydrolysis. The disordered (amorphous) regions 
of the larger cellulose aggregates are preferentially hydrolyzed by the acid treatment, while the 
crystalline regions remain intact.131 The cellulose source, type of acid used, acid to cellulose 
mass ratio, treatment time and temperature are some of the important factors governing the 
crystallinity and dimensions of the cellulose nanocrystals.135 Figure 5 shows a schematic rep-
resentation of the hierarchical extraction of nanocellulosic materials from a plant source.  

 

 

 Schematic overview of the extraction of nanocellulosic materials from plant-based lignocellu-
losic biomass. 

The chemical pretreatment processes involved in extraction of nanocellulosic materials often 
result in covalent modification of surface hydroxyl groups in the cellulose units. For example, 
during sulfuric acid hydrolysis, negatively charged sulfate esters are formed on the surface of 
the cellulose nanocrystals, which improve the dispersion stability of the nanocellulose in water. 
Besides the inherent functionalization during extraction process, several post-treatment meth-
ods have been attempted to introduce a controlled degree of surface modification in different 
nanocellulose architectures.135–137 These surface modifications are aimed at tailoring the nano-
cellulose dispersion properties, rheological and thermal behavior, as well as mechanical and 
optical properties. Surface functional groups possessing high ionic charge exhibit improved 
colloidal stability and dispersion in various composite matrices offering tailorable interfacial 
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interactions.138–140 With the rapidly progressing developments in extraction and functionaliza-
tion techniques, there has been a tremendous increase in the applications of nanocellulosic 
materials across various fields ranging from packaging to biotechnology.141,142 Among the sev-
eral unique and highly attractive properties of nanocellulosic materials, their ability to disperse 
carbon nanomaterials in stable aqueous solutions is of particular interest to this research, and 
is discussed in further detail in the following subsection.  

2.2.1 Nanocellulose assisted dispersion of carbon nanomaterials  

Early interests in nanocellulosic materials were focused on the development of high strength 
polymer composites and reinforcement matrices, motivated by the excellent mechanical prop-
erties reported, such as an elastic modulus of ~150 GPa for highly crystalline nanocellulose, 
and tensile strengths in the range of few GPa.143,144 In 2011, Laaksonen et al. demonstrated a 
novel high strength biomimetic nanocomposite by exfoliating graphene flakes using a genet-
ically modified protein (hydrophobin) in aqueous solutions, in the presence of cellulose nano-
fibrils. They found that the presence of CNF significantly improved the stability of the colloidal 
suspension, reducing the sedimentation.145 Soon after, the same group serendipitously discov-
ered that aqueous CNF hydrogels can enable direct exfoliation of graphene using an optimized 
ultrasonication protocol, without the need for any adhesive intermediaries.146 Simultaneously, 
Olivier et al. showed that it was possible to disperse single walled carbon nanotubes by ultra-
sonication, in stable aqueous colloidal suspensions of cellulose nanocrystals obtained by sul-
furic acid hydrolysis of cotton linters.26 They proposed that the hydrophobic (200) planes of 
cellulose nanocrystals promote self-assembly of CNC along the SWCNT surface due to short-
range hydrophobic interactions, and the long-range electrostatic repulsion between the sulfate 
functional groups on the CNC surface improves the colloidal stability. Following these reports, 
other research works were published regarding the development of conductive nanocellulose 
/ CNT composites.126,147,148 However, these works employed covalent functionalization tech-
niques or surfactants to disperse carbon nanomaterials prior to addition of nanocellulose sus-
pensions, which increased the initial CNT material cost and also affected the inherent CNT 
properties.  

In 2014, Hamedi et al. carried out extensive characterization of the mechanical and electrical 
properties of nanocellulose / SWCNT composites, verifying the applicability of aqueous nano-
cellulose suspensions for direct dispersion and purification of SWCNT, without the need for 
any additional CNT pretreatments or functionalization techniques.27 They demonstrated vari-
ous architectures of the nanocellulose / SWCNT composites, such as nano papers, aerogels and 
aligned microfibers, having high strength and high electrical conductivities. In a subsequent 
work,149 they further carried out detailed investigations on the dispersion of various carbon 
nanomaterials including SWCNT, MWCNT and reduced graphene oxides (RGO), using both 
crystalline and fibrillar nanocellulosic materials with different surface charge densities. They 
demonstrated that the nanocellulose / carbon nanomaterial colloidal suspensions were stabi-
lized by electrostatic interactions between the surface charges on nanocellulosic materials and 
the conductive carbon sp2 lattice, and with higher nanocellulose surface charge density a higher 
carbon nanomaterial dispersion limit was achieved.149 These studies offered a promising 
green-route to the fabrication of highly functional, novel hybrid materials that can combine the 
superior and unique properties of two different nanomaterials. Over the past decade, there has 
been an exponential increase in research of nanocellulose / nanocarbon composites for a wide 
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range of applications including polymer reinforcements, flexible electronics, energy storage, 
filtering and water purification, food packaging, medicine, biotechnology, mechanoresponsive 
sensors, humidity sensors, biosensors, and several others, as outlined in recent reviews.150–152  

The focus of this research work is upon the development of nanocellulose / nanocarbon com-
posites as electrochemical sensor platforms for direct detection of small molecules, and there-
fore only the relevant literatures in this application field are discussed in further detail here. 
The first demonstrations of nanocellulose / nanocarbon composites for electrochemical detec-
tion of drug molecules were presented by Shahrokhian et al. in 2014-15, using carbon nano-
particles and nanocellulose dispersed in DMF, and drop-cast on glassy carbon electrodes.33,153  
Since then, a few highly promising nanocellulose / nanocarbon composite electrochemical sen-
sors have been proposed for direct detection of different drugs and biomolecules. Table 2 pro-
vides an overview of these publications. In addition to direct electrochemical sensing, the 
nanocellulose / nanocarbon composites have also been successfully demonstrated in develop-
ing highly specific advanced biosensor configurations such as an electrochemical aptamer 
based sensors154 for Staphylococcus aureus bacteria and molecular imprinted sensors155 for 
cholesterol.  

Table 2. Summary of relevant literature on nanocellulose / nanocarbon -based composite materials used in electro-
chemical sensing applications.  

Publication Composite Solvent Sub-
strate 

Physical and chemical 
characterization 

Electrochemical 
studies 

2014 
Shahrokhian 
et al.153 

f-CNP / 
CNF 1* DMF GCE SEM CV and LSV of 

clonazepam 

2015 
Shahrokhian 
et al. 33 

f-CNP / 
CNF 1* DMF GCE SEM, AFM 

CV with [Fe(CN)6]3-/4- 

CV and LSV of 
Metoclopramide 

2018 
Ranjbar 
et al. 154 

AuNPs / 
f-CNP / 
CNF 2* 

DMF GCE SEM, EDS, UV-vis spec-
troscopy, DLS 

CV, EIS with  
[Fe(CN)6]3-/4- EIS with  
[Fe(CN)6]3-/4- for 
aptamer based de-
tection of Staphylo-
coccus aureus 

2018 
Anirudhan 
et al. 155 

Si-GO-g-CMNC 
3* DMSO GCE FTIR, Raman, XRD, 

SEM-EDS, AFM, TGA 
CV, DPV for 
cholesterol 

2019 
Ortolani et 
al. 31 

SWCNH / 
NC 4* 

DI wa-
ter GCE DLS, ζ-potential, FTIR, 

SEM, TEM, XRD 

CV with [Fe(CN)6]3-/4-  
CV and LSV of 
guanine and adenine 

2019 
Shalauddin 
et al. 30 

f-MWCNT / NC 
5* 

DI wa-
ter GCE 

SEM, TEM, AFM, XRD, 
FTIR, 
Raman 

CV, EIS with  
[Fe(CN)6]3-/4- CV and 
DPV of Diclofenac 
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2019 
Durairaj et 
al. (Publica-
tion I) 

B-SCNF / 
MWCNT / 
Nafion 

Ethanol ta-C SEM, TEM, ATR-FTIR, 
Raman, ζ-potential 

CV with Ru(NH3)62+/3+ 
IrCl62-/3- 
CV and amperometry 
of dopamine, uric 
acid and ascorbic 
acid 

2021 
Durairaj et 
al. (Publica-
tion II) 

SCNF / 
MWCNT, 
TOCNF/ 
MWCNT, SCNC 
/ MWCNT, 
ACNC / 
MWCNT 

milliQ 
water 

ta-C with 
PEI – in-
terlayer 

Elemental analysis, 
conductometric titra-
tion, ATR-FTIR, UV–vis-
ible spectroscopy, ζ-
potential, SEM, TEM, 
profilometry 

CV with 
Ru(NH3)62+/3+ 

IrCl62-/3- 

2022 
Dortez 
et al. 34 

CNC-I / 
SWCNT, 
CNC-II / 
SWCNT 6* 

Ul-
trapure 
water 

SPCE 
(DRP-
110) 

UV–visible, NIR ab-
sorption spectroscopy, 
DLS, ζ-potential, XRD, 
BET, SEM 

CV, EIS with  
[Fe(CN)6]3-/4 DPV of 
dopamine, uric acid, 
tyrosine and alpha-1-
acid glycoprotein 

2022 
Shalauddin 
et al. 156 

CNCS / NDG / 
SDS 7* 

DI wa-
ter GCE FTIR, Raman, SEM, 

TEM, AFM 

CV, EIS with  
[Fe(CN)6]3-/4-CV, DPV 
with paracetamol 
and naproxen so-
dium 

2022 
Shalauddin 
et al. 157 

NNC / Ppy / 
SWCNT8* 

DI wa-
ter SPCE 

FTIR, XRD, TEM, TGA, 
DTA, BET, 
Molecular simulations 

CV, EIS with  
[Fe(CN)6]3-/4-SWV of 
paracetamol and 
ciprofloxacin 

2022# 

Durairaj et 
al. (Publica-
tion III) 

SCNC / 
MWCNT, 
SCNF/ 
MWCNT, 
TOCNF / 
MWCNT 

milliQ 
water 

ta-C with 
PEI – in-
terlayer 

TEM tomography, XAS, 
BET 

CV of dopamine, 
paracetamol and 
uric acid 

1* f-CNP / CNF: Functionalized carbon nanoparticles (ca. 9–18 nm diameter, with phenylsulfonate surface functional groups, 
Emperor 2000, Cabot Corporation) – note no information on nanocellulose preparation 

2* AuNPs / f-CNP / CNF : Gold nanoparticles functionalized f-CNP (same as above) with CNF (no information on CNF) 
3* Si-GO-g-CMNC: Silylated Graphene oxide–grafted-chemically modified nanocellulose molecular imprinted cholesterol sen-
sor – note Nanocellulose prepared by sulfuric acid hydrolysis 
4* SWCNH / NC: Single walled carbon nanohorns / Nanocellulose – note Nanocellulose prepared by sulfuric acid hydrolysis  
5* f-MWCNT / NC: COOH functionalized MWCNT / Nanocellulose – note Nanocellulose prepared by sulfuric acid hydrolysis  
6* CNC-I / SWCNT, CNC-II / SWCNT: cellulose nanocrystal polymorphs prepared by sulfuric acid hydrolysis processes  
7* CNCS / NDG / SDS: Carboxylated nanocellulose / nitrogen doped graphene / sodium dodecyl sulfate  
8* NNC / PPY / SWCNT: Nanocellulose / Polypyrrole / SWCNT – note Nanocellulose prepared by sulfuric acid hydrolysis  

These studies clearly indicate the vast potential of nanocellulose / nanocarbon composites 
for the development of a wide range of electrochemical sensing platforms. However, this field 
is still in its infancy and thorough investigations and characterizations are vital for further pro-
gress. For instance, most of the studies mentioned in Table 2 have not elaborated the choice of 
nanocellulosic material used, or extensively characterized its physical and chemical properties. 
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Consequently, the role of nanocellulosic material properties upon the resultant composite elec-
trochemical sensor’s performance is not fully clear. Very recently, Dortez et al.34 addressed this 
issue and demonstrated the effects of using two different nanocellulose polymorphs (cellulose 
I and cellulose II) in developing a composite electrochemical sensor with SWCNT, for the de-
tection of glycoproteins. They observed that the cellulose polymorphism had a critical effect in 
the electrochemical sensor performance, where the cellulose II based hybrid showed a higher 
sensitivity to the glycoprotein, compared to the cellulose I based hybrid, which they attributed 
to a more macroporous structure.  

As discussed in previous sections, the range of nanocellulosic materials available, for both 
research and industrial production, is rapidly increasing. Simultaneously, the ubiquity of car-
bon nanomaterials in different applications is also apparent. Thus, in order to fully exploit the 
potential of these two nanomaterials and their composites, a thorough and systematic investi-
gation of their individual physical and chemical properties, as well as their consequent roles 
upon the composite material properties, must be carried out with respect to different desired 
application requirements. This thesis work, and the publications included, aim at addressing 
this subject by choosing various functionalized nanocellulosic materials and investigating their 
applicability and effects on developing electrochemical sensing platforms with MWCNT. The 
following chapter provides a detailed overview on the production and processing of different 
nanocellulosic materials chosen in this study, as well as the preparation of their composites 
with a commercial MWCNT.  
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3. Electrode fabrication 

3.1 Functionalization of nanocellulosic materials 

Five different nanocellulosic materials have been used in this study. Betulium Ltd. kindly 
provided the sulfated cellulose nanofibrils (B-SCNF) used in Publication I, in a 1.5 wt% aque-
ous suspension. The degree of sulfation and dimensions as provided by the manufacturers were 
1.8 mmol/g (OSO3-), width 5-10 nm and length ~200 nm, respectively. As this is a commercial 
material, detailed information on the starting material, production and processing are not 
available. However, basic physical and chemical characterizations were carried out in Publica-
tion I and are discussed in further chapters. The different nanocellulosic materials used in Pub-
lications II and III, were synthesized at VTT Technical Research centre of Finland, based on 
previously established protocols, as outlined in Table 3.  

Table 3. Summary of raw materials, production process and relevant references for the different functionalized nano-
cellulosic materials used in Publications II and III, modified with permission from Publication II - Copyright © 2021 
the authors, published by American Chemical Society.  

Starting 
material Production References Nanocellulose 

Softwood dis-
solving cellu-
lose pulp 

Direct sulfation using a deep eutectic solvent 
(DES) mixture of sulfamic acid and urea, at molar 
ratio of 1:2, for 30 min, ended by addition of ex-
cess of water, followed by filtration and washing 
with water until filtrate was neutral. 

158,159 
Sulfated Cellu-
lose Nanofibrils 
(SCNF) 

Bleached birch 
pulp 

0.1 wt% concentration of pulp subjected to 
TEMPO-mediated oxidation with addition of 5.0 
mmol NaClO (per gram of pulp) at room temp. 
and pH 10, for 130 min, followed by washing with 
deionized water. 

160,161 

TEMPO- Oxi-
dized Cellulose 
Nanofibrils 
(TOCNF) 

Cotton cellu-
lose paper 
 

Sulfuric acid hydrolysis with 64% w/w sulfuric acid 
at 45 °C for 45 min, followed by counterion ex-
change with 0.1 M NaOH until pH neutralized. 

162,163 
Sulfated Cellu-
lose Nanocrys-
tals (SCNC) 

Commercial 
CNC powder 
(CelluForce 
NCC®) from 
CelluForce 
(Canada) 

Purification of CNC powder by Soxhlet extraction 
(with ethanol). Purified CNC dispersed in dime-
thyl-acetamide/ lithium chloride solution, (mass 
ratio 99:1) to get 1 wt % CNC suspension. 3.33 ml 
of APTMS  added to dispersion and reaction car-
ried out first at 80 °C for 2 hours, then at room 
temperature for 12 hours, followed by dialysis in 
milliQ water for 4 days. 

164,165 

Amino – si-
lanized Cellu-
lose Nanocrys-
tals (ACNC) 
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After functionalization, the nanocellulosic materials were further diluted to 0.25 wt % sus-
pensions in milliQ water and stored in the refrigerator at ~5 ℃. Simplified chemical structures 
of these nanocellulosic materials with their functional group substitutions are shown in Figure 
6. The physical and chemical nature of these nanocellulosic materials were characterized in 
detail, both individually and in their composites with MWCNT, and are discussed in chapter 5.  

 

 Chemical structures of the functionalized nanocellulosic materials (using ChemDraw 19.1), 
reprinted with permission from Publication II - Copyright © 2021 the authors, published by American 
Chemical Society. 

3.2 Preparation of nanocellulose / MWCNT suspensions 

The multiwalled carbon nanotubes used in this work (all included publications) were pur-
chased from Nanolab, Inc. (Waltham, Massachusetts, USA), in dry form. The product (Catalog 
No. PD30L5-20) is specified to have a hollow structure with an outer diameter of 30 ± 15 nm, 
and length in the range of 5 to 20 microns. The manufacturers also specify that the tubes are 
produced by CVD and purified to > 95 % purity (as measured by TGA), with residual iron and 
sulfur contents of 0.2 and 0.05 atomic %, respectively, as estimated from EDS analysis, indi-
cating that iron was used as the catalyst and the tubes were purified using sulfuric acid. The 
MWCNT were used in the as purchased form in all suspensions prepared in this study, without 
any further purification steps. Two different approaches have been used in this work to obtain 
the nanocellulose / MWCNT suspensions. In Publication I, the dry MWCNT (0.11 g) was dis-
persed in a mixture of 0.375 wt % B-SCNF aqueous suspension (12 g) and 5 wt % Nafion solu-
tion (2 g), under magnetic stirring. Nafion D-521 (molecular weight 544.135 g/mol) was pur-
chased from Alfa Aesar. Nafion is a sulfonated fluoropolymer that has been shown to act as an 
effective dispersant for CNT in its solution form.92,166 Nafion / MWCNT composite electrodes 
have been proposed as a route to improve selectivity towards dopamine in the presence of 
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anionic interferents due to the perm-selective nature of the sulfonic group decorated channels 
formed by the nafion ionomers.167 The B-SCNF / MWCNT / Nafion suspension was further 
diluted with ethanol (purity > 99.5 %), such that the final dry weight percentages of the differ-
ent components were B-SCNF : MWCNT : Nafion = 0.225 : 0.55 : 0.5 wt % (1 : 2.4 : 2.2 ratio), 
respectively. The suspension was magnetically stirred at room temperature for 48 h, followed 
by brief ultrasonication in a bath sonicator for 30 min, and then stored in the refrigerator at 
~5 ℃.  Some sedimentation was observed at the bottom of the storage glass vial, and only the 
supernatant was used to prepare the electrodes presented in Publication I.  

In Publications II and III, the dry MWCNT were directly dispersed in 0.25 wt % aqueous 
suspensions of the functionalized nanocellulosic materials (SCNF, TOCNF, SCNC and ACNC), 
such that the dry weight percentages of nanocellulose : MWCNT were 0.25 : 0.125 wt % (2:1 
ratio), respectively, in each case. The suspensions were tip sonicated in an ice bath, using a 
Qsonica Q500 tip sonicator, fitted with a 2 mm probe. The sonication parameters were set to 
be 20 kHz (30 W), for 10 min in pulsed mode (5 s on and 1 s off), such that the total energy 
delivered to each 10 g of nanocellulose/MWCNT suspension was 18 000 J. These parameters 
were chosen based on the analysis by Mougel et al. 25 regarding the effect of sonication time 
and power density, upon the efficiency of MWCNT dispersion in a nanocellulosic matrix.  The 
suspensions have been stored in a refrigerator at ∼5 °C and are found to be highly stable over 
a period of 2 years at the time of writing of this thesis, without any noticeable sedimentation 
based on visual observations. The same suspensions have been used for preparing the elec-
trodes in Publication II and III. Photographs of all 5 suspensions are shown in Figure 7.  

 

 Photographs of the different nanocellulose / MWCNT suspensions.  

3.3 Fabrication of nanocellulose / MWCNT composite electrodes 

The nanocellulose / MWCNT composite electrodes in this work were prepared on top of tet-
rahedral amorphous carbon (ta-C) substrates. Glassy carbon electrodes or screen-printed elec-
trodes are also commonly used as substrates for the development of nanocellulose / MWCNT 
composite electrodes (see Table 2). The ta-C thin films used in this work are made using a room 
temperature filtered cathodic vacuum arc (FCVA) deposition process that is complementary 
metal−oxide−semiconductor (CMOS) compatible. These films have excellent chemical inert-
ness, biocompatibility, resistance to fouling and wide electrochemical potential window, mak-
ing them highly attractive for both in vitro and in vivo electrochemical sensing applications. 
The inherent limited sensitivity of ta-C films can be vastly improved by modifications with var-
ious carbon nanomaterials.87,93,168,169 Preparation and characterization of these electrodes are 
described in detail in previous works.170,171 In brief, a highly conductive p-type boron doped 
<100> silicon wafer, with resistivity <0.005  Ω cm (Siegert Wafer, Germany), was first depos-
ited with ~20 nm Ti adhesion layer by sputtering, followed by the FCVA deposition of a 7 nm 
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ta-C layer. The ta-C coated Si wafer was then diced into 5 x 5 mm pieces using an automated 
dicing saw (DAD 3220, Disco). The pieces were cleaned thoroughly with acetone by ultrasoni-
cation (bath) in a beaker, dried with gentle nitrogen flow and individually packaged onto cop-
per-clad FR4-PBB strips using polytetrafluoroethylene (PTFE) tape (Saint-Gobain Perfor-
mance Plastics CHR 2255-2), with a 3 mm diameter (0.07 cm2) circular exposed electrode area.  

 

 Schematic illustration of the different electrode preparation protocols used in Publication I (a) 
and Publications II and III (b), respectively. Photograph of the ready electrodes (c) with different nano-
cellulose / MWCNT composite modifications.  

The packaged ta-C substrates were then modified with different nanocellulose / MWCNT 
composite suspensions by drop-casting. In Publication I, 5 µl drops of the B-SCNF / MWCNT 
/ Nafion composite suspension were drop-cast directly on top of the exposed (3 mm diameter) 
ta-C surface and allowed to dry at room temperature for a minimum of 72 hours prior to elec-
trochemical measurements. The Nafion in this suspension was found to be essential for stable 
film adhesion to ta-C substrate during electrochemical measurements (details in supporting 
information of Publication I). In Publications II and III, a self-adsorbed polyethyleneimine 
layer was used to improve the adhesion of the nanocellulose / MWCNT composites to the ta-C 
substrate. The PEI functionalization was carried out by applying a 15 µl drop of 0.1 wt % PEI 
suspension on top of the exposed ta-C substrate area, waiting for 10 min, rinsing thoroughly in 
milliQ water, and finally drying with gentle nitrogen flow. The nanocellulose / MWCNT aque-
ous suspensions were then drop-cast (7 µl volume) on the PEI-functionalized ta-C substrates 
and dried in an oven at 80 °C for 1 hour under ambient pressure. Figure 8 shows a detailed 
schematic of the different electrode fabrication protocols used in this work, and example pho-
tographs of the ready electrodes.  
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4. Characterization methods 

4.1 Physical and chemical characterizations 

Various physical and chemical characterization methods have been used in this work to un-
derstand the individual nanocellulose and MWCNT components, as well as to investigate their 
relative morphology and surface chemistry in the resultant composites. A brief overview of the 
different physical and chemical characterizations used in this work, along with the used instru-
mentation details, sample preparation and measurement protocols are presented in this sec-
tion. 

4.1.1 Zeta potential measurement 

Colloidal stability of the different nanocellulosic materials used in this work were investi-
gated using zeta (ζ) potential measurements. In Publication I, 1 mM KCl solutions were pre-
pared at different pH values (3, 5, 7, 9 and 11 by adding HCl or NaOH), and the B-SCNF mate-
rial was dispersed in these solutions at 0.025 wt % for ζ-potential measurements. In Publica-
tion II, the functionalized nanocellulosic materials were first diluted to 0.01 wt % suspensions 
in 15 ml of 0.1x PBS solution (pH 7.4, ionic strength equivalent to 1 mM KCl). The suspensions 
were tip sonicated in an ice bath, for 2 minutes at 30 W (20 kHz), in pulsed mode (on-2 s, off-
1 s), followed by centrifugation at 10000 g for 20 min and the supernatants were used in ζ-
potential measurements. The PBS buffer was used in order to mimic the electrochemical sen-
sor application environment of a physiologically relevant ionic composition. All measurements 
were carried out in a Zetasizer Nano-ZS90 (Malvern) instrument using a universal dip cell with 
disposable polystyrene cuvettes.  

4.1.2 UV-visible spectroscopy 

Carbon nanotubes exhibit absorption in the UV-visible wavelengths ranging from 200 to 
1200 nm, corresponding to the 1D van Hove singularities. However, this effect is strongly 
quenched due to the bundling of carbon nanotubes, which result in carrier tunnelling between 
the nanotubes and broadening of the density of states.172–174 UV-visible absorbance spectra can 
thus be used to assess the quality of MWCNT dispersion in different media.175 In this work, the 
quality of MWCNT dispersion, as a result of the different nanocellulosic materials used, was 
investigated using a Shimadzu UV-2600 spectrophotometer (Shimadzu Corp., Kyoto, Japan) 
in the 200−800 nm wavelength range (Publication II). The nanocellulose / MWCNT aqueous 
suspensions were first diluted to 1000x in milliQ water, with brief tip sonication (2 min, with 
30 W, at 20 kHz), to ensure good dispersion before the UV-vis measurements. A 1400 μl fused 
quartz micro cuvette, with two polished sides, was used for obtaining the measurements.  
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4.1.3 Transmission electron microscopy and tomography 

Transmission electron microscopy has been used in this work to examine the dimensions of 
the individual nanocellulosic materials and their influence on the respective composite archi-
tectures with the MWCNT. In Publication I, the B-SCNF / MWCNT / Nafion composite was 
imaged using a FEI Tecnai F20 TEM at 200 kV acceleration voltage. The samples were pre-
pared by drop-casting a highly dilute (1:1000 in ethanol 99.5%) solution of the composite on 
holey carbon copper grids (Agar Scientific). The grids were dried at 70 °C on a hot plate prior 
to imaging. In Publication II (and III), TEM images of the individual functionalized nanocel-
lulosic materials were obtained using a FEI TALOS F200X FEG system, with an acceleration 
voltage of 200 kV. The nanocellulose suspensions were diluted to 0.05 wt % with deionized 
water. 7 μl drops of the suspensions were first applied to copper TEM grids, and the excess was 
blotted away with filter paper. Following which, a drop of 1 wt % ammonium molybdate was 
added to improve the contrast, and the excess blotted away by filter paper. In Publication II, 
the nanocellulose / MWCNT composites were imaged using a JEOL JEM-2800 high-through-
put, high-resolution TEM system, with an acceleration voltage of 200 kV. For the sample prep-
aration, the stock nanocellulose / MWCNT (0.25 / 0.125 wt %) suspensions were diluted 50x 
with milliQ water by brief tip sonication, and immediately drop-cast (5 μl volume) on freshly 
plasma treated copper grids with holey carbon support film (Quantifoil® R 2/1 Cu 400). Excess 
suspensions were blotted away with filter paper and a drop of commercial organotungsten-
based negative stain (Nano-W®, from Nanoprobes Inc., USA), was applied to improve the 
contrast for the nanocellulosic materials in the composites. Excess stain was blotted away with 
filter paper after 2 minutes and the samples were allowed to air dry for 2 hours before imaging. 

In Publication III, a novel TEM tomography technique was used to obtain three-dimensional 
reconstructions of the different nanocellulose / MWCNT hybrid materials, in order to provide 
a better visual understanding of the network architectures resulting from the dispersion of 
MWCNT by different nanocellulosic materials. The samples were prepared on a 200-mesh-Au 
grid with carbon film, with different sized holes (C-flat: CF-MH-2Au, Electron Microscopy Sci-
ences). The different nanocellulose / MWCNT (0.25 wt% : 0.125 wt%) stock suspensions were 
first diluted in acetic acid in the ratio 2:3 (stock : acetic acid). These mixtures were further 
diluted 10 times in methanol to obtain the final nanocellulose / MWCNT suspensions for TEM 
sample preparation. This protocol was optimized to obtain thin and homogenous films on the 
grids, as direct deposition of aqueous nanocellulose / MWCNT suspensions resulted in more 
heterogenous and rough structures which would lead to increased artifacts during the three-
dimensional reconstructions. A 5-10 µl drop of each final suspension was pipetted individually 
on to the 200-mesh-Au grids, with the carbon layer pointing up, kept on a Whatman 1 filter 
paper, and allowed to air dry completely. The dried samples were sputtered with 1 nm Iridium 
before imaging, in order to prevent beam damage of the nanocellulosic materials. The samples 
were then imaged using a JEM-2800 electron microscope (JEOL), and a region of interest 
(ROI) with a uniform planar layer of sample covering a suitable hole in the grid was selected 
for each sample. Tilt-series images were automatically collected at 200kV TEM mode using a 
RECORDER application (TEMography) with settings: Goniometer tilts spanning -72 to +72 
degree, increment steps 2 degree, CCD (GATAN), ORIUS SC200, 2048x2048 camera, pixel 
X,Y scale 1.104715 nm, at a magnification of 100k. The obtained tilt series were first saved as 
‘stacks.mrc’ files in a 16-bit format and then converted to ‘32-bitstacks.mrc’ using the graphical 
user interface (GUI) application ‘e2projectmanager.py’ (EMAN2). The ‘32-bitstacks.mrc’ files 
were aligned using the ETOMO GUI application (IMOD), first with a brief automatic coarse 
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cross-correlation alignment, followed by additional fine alignments using the patch-tracking 
method, and were saved as aligned ‘.ali’ stack files. For tomography, a maximum entropy 
method (MEM)176,177 was used for 3D reconstruction of  the aligned ‘.ali’ stacks (32bit). Before 
running tomography, aligned ‘.ali’ stacks were 2 x binned and ROI cropped with scripts created 
in the Aalto Nano Microscopy Center (NMC) laboratory. Generated MEM-3D-reconstruction 
volumes were visualized and scrutinized, in stereo mode, using UCSF CHIMERA application. 
All programs were run in Mac (Mac Pro, Cylinder model, Twelve Core, Memory 64 GB). 

4.1.4 Gas adsorption analysis 

Gas adsorption (or physisorption) studies are a valuable tool for obtaining information re-
garding the specific surface area and porosity of nanomaterials and composites. In this study, 
gas adsorption analysis was used mainly to investigate the differences in the porosity of the 
various nanocellulose / MWCNT composites, resulting from the different nanocellulose grades 
used. Aqueous suspensions of nanocellulose / MWCNT were fully dried in an oven at 80 °C for 
72 hours, before being pre-treated at 80 °C under vacuum for 24 hours with a pre-treatment 
station (Prep Vac II Microtrac BEL, Japan). The samples were then investigated by nitrogen 
adsorption-desorption (physiosorption) isotherms at 77 K using a BELsorp Mini II (Microtrac 
BEL, Japan) instrument. Results were analysed by the Brunauer-Emmett-Teller (BET) method 
to estimate the specific surface area and porosity of the nanocellulose / MWCNT composites. 

4.1.5 Scanning electron microscopy 

Scanning electron microscopy has been used here mainly to investigate the overall morphol-
ogy of the composite electrodes. The SEM samples in this work were prepared in the same 
manner as the final electrodes used for electrochemical measurements (Figure 8) and are 
therefore not optimal for investigating individual nanocellulosic or MWCNT components. Pla-
nar and cross-sectional SEM images were obtained using a Hitachi S-4700 scanning electron 
microscope. Cross-sectional SEM samples were prepared by manually cleaving the wafer 
pieces with the dried drop-cast films, from the edge using a diamond scribe and tweezers. Both 
planar and cross-sectional samples were coated with ∼4 nm gold−palladium (Au−Pd) conduc-
tive layer by sputtering, before SEM imaging. In Publication I, non-coated samples were fur-
ther analyzed with energy dispersive X-ray spectroscopy (EDS) at low magnification using a 
Tescan MIRA3 scanning electron microscope. 

4.1.6 Profilometry 

The thickness and surface profiles of the drop-cast nanocellulose / MWCNT composite elec-
trodes were examined using a Veeco Dektak 6M stylus profilometer. Samples were prepared 
by drop-casting the nanocellulose/MWCNT dispersions on ta-C coated Si wafer pieces, in a 
similar manner to the electrode preparation procedure (Figure 8). The Teflon tape, used to 
define the effective electrode area, was removed after drying in the oven at 80℃ for 1 hour. 
The samples were then scanned diametrically over a distance of 3.5 mm, with a 12.5 µm probe.    

4.1.7 Surface charge densities  

The surface charge densities (degree of functional group substitution) of the functionalized 
nanocellulosic materials prepared at VTT facilities were estimated using two different 
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methods. The sulfated (SCNF, SCNC) and amino-silanized (ACNC) materials were dried in an 
oven at 60 °C overnight and characterized by elemental analysis using a FLASH 2000 series 
elemental analyzer (Thermo Scientific). As elemental analysis cannot be reliably used for quan-
tification of carboxyl (COOH) groups on cellulosic materials, conductometric titration was per-
formed on TOCNF material, according to the standard SCAN-CM 65:0278 as per the procedure 
described by Reyes et al.,178 using an automatic titration device (Metrohm 751 GPD Titrino and 
Tiamo 1.2.1 software). 

4.1.8 Fourier transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectroscopy in attenuated total reflection (ATR) mode 
using a Bruker Alpha II FTIR spectrometer was carried out to verify the nature of functional 
groups present in the different materials used in the composite electrodes. The samples were 
prepared on an aluminium foil by drop-casting the individual materials (MWCNT was dis-
persed in ethanol and drop-cast for reference) and composite suspensions and drying at room 
temperature. The measurements were carried out with 4 cm-1 resolution and 32 scans per 
measurement. 

4.1.9 Raman spectroscopy 

Visible-Raman spectroscopy was carried out on the different nanocellulose / MWCNT com-
posites, to identify any significant changes in the MWCNT structure. The samples were pre-
pared on a p-type Si wafer (Ultrasil), and measurements were performed using a Horiba Jobin-
Yvon Labram HR confocal Raman system with 514 nm argon (Ar) laser. A spot size of 1 μm was 
used with an Olympus 100× objective. Spectroscopic calibration was performed on the refer-
ence Si substrate. 

4.1.10 X-ray absorption spectroscopy 

X-ray absorption spectroscopy has been used in this study (Publication III) to obtain detailed 
high resolution information regarding the possible changes in the surface carbon and oxygen 
functionalities of the MWCNT as a result of dispersion in various functionalize nanocellulosic 
materials. The electrocatalytic properties of MWCNT are known to strongly depend on the sur-
face oxygen-based functionalities87 and XAS serves as a more powerful tool in probing these 
functionalities, compared to FTIR or Raman analysis.  The XAS analysis was carried out at the 
Stanford Synchrotron Radiation Lightsource (SSRL) beamline 8-2 equipped with a bending 
magnet and spherical grating monochromator. The beam incidence angle was set to 55° and 
40 x 40 µm2 slits were used to obtain a resolution of 200 meV. X-ray beam spot size was ap-
proximately 1 x 1 mm2, with total flux in the order of 1010 photons/sec.179,180  The total electron 
yield (TEY) spectra were measured in the X-ray energies at the carbon and oxygen 1s edges 
were from 260 eV to 340 eV and 520 eV to 560 eV, respectively. The samples for XAS analysis 
were prepared by drop-casting aqueous suspensions of functionalized nanocellulosic materials 
and their composites with MWCNT on p-type boron-doped ⟨100⟩ silicon wafer, with resistivity 
<0.005 Ω cm (Siegert Wafer, Germany). A 40 nm gold layer was sputtered onto the silicon 
wafer pieces before sample deposition, in order to minimize the interference from silicon oxide 
peak in the oxygen absorption spectra.  
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4.2 Electrochemical characterization 

The nanocellulose / MWCNT composite electrodes developed in this work have been charac-
terized using standard electrochemical methods in order to assess their suitability for various 
electroanalytical applications. In particular, the role of nanocellulosic materials in tailoring the 
electroanalytical response of the composites towards various outer and inner sphere charged 
small molecules have been assessed using cyclic voltammetry measurements in different elec-
trolyte solutions. The enrichment and retention of various molecules in the different nanocel-
lulose / MWCNT architectures have been studied in detail to understand the effect of nanocel-
lulose geometry and functionalization upon the morphology and ionic conductivity of the dif-
ferent composites. A conventional three-electrode setup was used in all electrochemical meas-
urements, with the nanocellulose / MWCNT composites as the working electrode (WE), a sil-
ver/silver chloride (Ag/AgCl) from Radiometer Analytical (+0.199 V vs SHE) as the reference 
electrode (RE) and a platinum wire as the counter electrode (CE). A schematic representation 
of the electrochemical measurement setup is shown in Figure 9a. The measurements were per-
formed using a Gamry Reference 600 potentiostat (with Gamry Framework™ interface) and 
results were processed using the Gamry Echem Analyst (version 5.61) software. The IUPAC 
convention is followed in this work to denote the oxidation and reduction reactions, where the 
oxidation is considered to occur at a positive (anodic) potential resulting in a positive current 
and the reduction reaction occurs at a negative (cathodic) potential and is denoted by a nega-
tive current.181  

 

 (a) Schematic of a three electrode electrochemical setup used in this study and (b) a typical 
cyclic voltammogram of an electrochemical reaction, with the important parameters denoted. 

4.2.1 Cyclic voltammetry 

Cyclic voltammetry is a relatively simple yet powerful technique to investigate the electro-
chemical oxidation and reduction mechanisms of a molecule, as well as qualitatively assess the 
performance of an electrode material. In a three electrode setup, the CV measurements are 
carried out by a linear cyclic scan of the potential between the working and counter electrodes 
in the desired potential limits with a scan rate (ν). During the forward scan, the working elec-
trode potential is scanned in the positive (anodic) direction, and the electrochemically active 
molecules undergo oxidation reaction, resulting in an anodic peak current (Ipa). In the reverse 
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scan, the electrode potential is scanned in the negative (cathodic) direction, resulting in the 
reduction of the electroactive species, which is observed as the cathodic peak current (Ipc). The 
separation between the anodic and cathodic peak potentials (∆Ep = Epa – Epc) is an important 
parameter indicating the electron transfer kinetics and reversibility of the electrochemical re-
action. A truly reversibly electrochemical reaction is characterized by a ∆Ep value of 59/n mV, 
where n is the number of electrons involved in a simple electron transfer reaction.181 The ratio 
of peak anodic and cathodic currents (Ipa/Ipc) is a further indicator the reversibility of the reac-
tions and stability of the molecules involved, since for a reversible reaction involving stable 
molecules, all oxidized molecules would be fully reduced back in the reverse scan resulting in 
a Ipa/Ipc value of 1. The shape of a typical CV of a reversible electrochemical reaction is shown 
in Figure 9(b) along with the definitions of the relevant parameters.  

The upper (anodic) and lower (cathodic) limits of a CV scan are set according to the known 
or expected redox potentials of the electroactive species being measured. The maximum upper 
and lower limits within which an electrode material can operate in a stable manner in the elec-
trolyte of choice without resulting in strong faradic reactions (oxygen and hydrogen evolution 
reactions – OER and HER, respectively) in the electrolytes (aqueous), is defined as the poten-
tial (water) window of the electrode. In an electroanalytical application, this limits the suita-
bility of the electrode material for detection of a particular molecule, as molecules whose redox 
potentials fall outside the working potential window the electrode system cannot be reliably 
detected due to the large interference from faradic background currents.  

In the absence of redox molecules (analytes), the background current measured in the CV 
scan typically comprises of both faradic and non-faradic processes happening at the electrode-
electrolyte interface. The faradic processes involve electron transfer between the electrode and 
electrolyte, such as charge transfer from de-solvated ions that are near or adsorbed on to the 
electrode surface. The electrode morphology and surface chemistry, as well as the electrolyte 
composition, play a significant role in determining the extent of such faradic processes. The 
non-faradic processes, on the other hand, do not involve any electron transfer and are a result 
of the electrochemical double layer (EDL) capacitance formed at the electrode-electrolyte in-
terface. In the absence of any faradic processes, an ideal electrical double layer capacitor would 
result in a rectangular-shaped CV where the current is instantaneously reversed in the reverse 
potential scan. However, in typical CV measurements, a delay is observed in the reversal of the 
current direction when the potential is reversed, indicating the existence of kinetically slow 
faradic processes.182 The capacitance estimated from a CV measurement is therefore known as 
‘pseudocapacitance’ in order to differentiate it from purely electrical double layer capaci-
tance.182 From the background CV scans (in blank electrolyte) at different scan rates, the pseu-
docapacitance of the electrode can be estimated as Cp = ∆I /2ν where ∆I is the difference be-
tween the anodic and cathodic peak currents (Ipa-Ipc) averaged over a potential range where 
there are no strong faradic peaks observed, and ν is the scan rate.  

4.2.2 Outer and Inner sphere redox probes 

An electrochemically active molecule is classified as either an outer or inner sphere redox 
probe depending upon its electron transfer mechanisms at a given electrode surface. The OSR 
probes are typically insensitive to the surface chemistry of the electrode and undergo electron 
transfer without specific adsorption or molecular rearrangements at the electrode surface. 
Therefore, the CV measurements made with OSR probes can be used to obtain valuable 
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information regarding the electronic properties of the electrode materials such as the electro-
chemically active surface area (ECSA). Several different molecules have been classified as OSR 
systems, based on experimental investigations of the effects of monolayer adsorptions on the 
electrode surface, upon their reaction kinetics.183 Some commonly used OSR probes include  
Ru(NH3)62+/3+ (hexaammineruthenium(III)), IrCl63-/2- (hexachloroiridate(IV)), FcMeOH0/1+ 
(ferrocene methanol) and Fe(CN)64-/3- (ferrocyanide). However, detailed studies have indicated 
that the ferrocene methanol molecules adsorb onto HOPG surface184 and the oxidation of fer-
rocyanide involves changes in its solvation shell and is dependent on the cation concentration 
of the electrolyte.185,186 Therefore, these probes cannot be considered as true OSR probes at 
carbon electrodes, and we have chosen Ru(NH3)62+/3+ and IrCl63-/2- instead, to investigate the 
electronic properties of the nanocellulose / MWCNT composites and the extent of electrostatic 
interactions at the composites due to the differently functionalized nanocellulosic materials. 

 In contrast to OSR probes, the electrochemical reactions of ISR probes are heavily depend-
ent on the surface chemistry of the electrode, as they often require specific interactions with 
the electrode surface such as adsorption, chemical reaction or formation of a common lig-
and.187 Most physiologically relevant molecules (drugs, neurotransmitters and vitamins) are 
ISR molecules, and often exhibit significantly different reaction kinetics at different electrode 
surfaces. For carbon-based electrodes, the surface oxygen functionalities are shown to have a 
drastic effect on the behavior of ISR probes. In this study, we have chosen some commonly 
studied ISR probes including dopamine, paracetamol, uric acid and ascorbic acid, to investi-
gate the electroanalytical activity of the MWCNT dispersed in various nanocellulosic materials. 
As these molecules have different ionic charges (dopamine – cationic, uric acid and ascorbic 
acid – anionic, paracetamol – neutral) at physiologically relevant pH, they further allow us to 
investigate the extent of ionic charge selectivity tailoring enabled by the different nanocellulo-
sic materials. Together, the various physical, chemical and electrochemical characterization 
techniques used in this study are aimed at understanding the basic material properties of the 
nanocellulose / MWCNT composites, and estimating their applicability and potential towards 
the development of electroanalytical platforms for biologically relevant small molecules. The 
key results and observations from this study are presented and discussed in the following chap-
ter. 
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5. Results and discussions 

5.1 Physical and chemical properties 

 

5.1.1 Stability of nanocellulose / MWCNT suspensions 

ζ-potential  

The colloidal stability of nanocellulosic materials have a significant effect on the stability of 
the corresponding nanocellulose / MWCNT suspensions. The stability of nanocellulose sus-
pensions were therefore first analyzed using ζ-potential measurements. When the magnitude 
of the measured ζ-potential value is higher than 30 mV, the particles are considered to be in a 
stable suspension in the given medium.  The B-SCNF material (Publication I) exhibited good 
colloidal stability over a range of pH values in 1 mM KCl solutions, with ζ-potential values of 
−27, −40, −40, −50, and −48 mV in pH 3, 5, 7, 9 and 11, respectively. In order to assess the 
effect of physiologically relevant ionic compositions upon the colloidal stability of the various 
functionalized nanocellulosic materials, their dispersions (0.01 wt %) were prepared in 0.1x 
PBS solution (equivalent chloride ion concentration as 10 mM KCl) at pH 7.4 (Publication II). 
Under these conditions, the SCNF, TOCNF, SCNC and ACNC materials resulted in ζ-potential 
values of −35.7, −33.1, −35, and −27.7, respectively. The results indicate that all the nanocel-
lulosic materials used in this work have predominantly negative surface charges and exhibit 
good colloidal stability in physiologically relevant pH. It must be noted that the ζ-potential 
values were estimated using the Smoluchowski model in Zetasizer software (version 7.12), and 
the arbitrary fibrillar nanocellulosic geometries can therefore lead to higher artifacts in the 
measured values compared to crystalline materials.188  

UV-visible spectroscopy 

The quality of nanocellulose / MWCNT composite suspensions were evaluated both visually 
and by UV-visible absorption spectroscopy. In Publication I, the B-SCNF / MWCNT / Nafion 
composite showed clear sedimentation over time in visual inspections. This can be attributed 
to different factors such as (i) the magnetic stirring and bath sonication protocols were not 
effective in debundling the MWCNT, (ii) the ratio of nanocellulose : MWCNT (1 : 2) used in 
this composite was not ideal, and (iii) the presence of Nafion hindered in the electrostatic and 
hydrophobic interactions between nanocellulose and MWCNT. Further investigations are nec-
essary to fully understand and optimize this colloidal system. In the later works (Publications 
II and III), purely nanocellulose / MWCNT aqueous suspensions were prepared in the ratio of 
2 (nanocellulose) : 1 (MWCNT), by carefully selected tip-sonication parameters (detailed in 
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Chapter 3). These suspensions have been found to have excellent stability, without any appar-
ent sedimentation, by visual inspections (Figure 7 above - photographs of the suspensions).  
The UV-visible absorption spectra of these suspensions (1000x diluted) show clear differences 
between the different functionalized nanocellulose / MWCNT composites (Figure 10). The ref-
erence functionalized nanocellulosic materials show almost negligible absorption in the region, 
whereas all corresponding composites with MWCNT show a strong absorption peak at ~260 
nm due to the MWCNT absorption.105,189 The SCNF / MWCNT composite shows the strongest 
absorption at ∼260 nm, indicating that this composite has the highest degree of MWCNT dis-
persion at the given concentrations. The absorption peak of the TOCNF/MWCNT composite is 
slightly broader than the other materials, possibly due to the absorption of C=O transitions in 
the carboxylic group ∼240 nm, which is also observed in the reference TOCNF suspension as 
a weak shoulder.190 ACNC/MWCNT shows the lowest absorbance, and in tandem with the low-
est ζ-potential value measured among the different nanocellulosic materials in this work, this 
indicates that the ACNC material is not as effective as other studied materials in dispersing the 
MWCNT. 

 

 UV-visible absorption spectra of the functionalized nanocellulosic materials and their corre-
sponding composites with MWCNT reprinted with permission from Publication II (supporting information) 
– Copyright © 2021 the authors, published by American Chemical Society. 

5.1.2 Structure and morphology 

TEM 

The dimensions of different nanocellulosic materials were estimated from TEM images of the 
individual nanocellulosic materials (Figure 11 (set-1)). The dimensions of B-SCNF material are 
estimated (from TEM image (Figure 11 a.1) provided by manufacturer) to be 6 ± 2 nm width, 
and ~200 nm length. TEM images of the SCNF and TOCNF materials (Figure 11 b.1, c.1, re-
spectively) show homogeneous distribution of individual fibers, with widths of 4.2 ± 1.1 and 
2.9 ± 0.8 nm, respectively, and SCNC and ACNC materials (Figure 11 d.1, e.1, respectively) 
show uniform rodlike structures with widths in the range of 5.1 ± 1.7 and 4.0 ± 1.3 nm, respec-
tively. Based on literature, the lengths of fibrillar nanocellulosic materials are expected to be 
in the range of few microns,191 whereas the lengths of crystalline nanocellulosic materials are 
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typically much lower, in the order of 100−120 nm for cotton-based material192 (SCNC in this 
work), and <100 nm for wood-based material193 (ACNC in this work).  

TEM images of the corresponding composite materials are also shown in Figure 11 (set-2). 
The B-SCNF / MWCNT / Nafion composite (Figure 11 a.2) shows a network of MWCNT indi-
cated by the red arrows, however the nanocellulosic materials (B-SCNF) cannot be clearly vis-
ualized in this image, due to the presence of Nafion everywhere. A high resolution image of the 
MWCNT in this composite (Figure 11 a.3) shows a hollow core MWCNT (>15 nm diameter), 
with well-defined graphitic planes (lattice spacing 0.35 nm). The MWCNT appears to be coated 
by Nafion, as also seen in this image. TEM images of the other purely nanocellulose / MWCNT 
composites clearly show nanocellulosic materials surrounding the MWCNT. The long fibrillar 
materials (SCNF and TOCNF, Figure 11 b.2, c.2, respectively) can be seen both as thin individ-
ual fibrils and bundles, interspersed with the hollow core MWCNT. The short crystalline struc-
tures (SCNC and ACNC, Figure 11 d.2, e.2, respectively) appear more densely packed around 
the MWCNT. Some of the clearly distinguishable MWCNT in each composite TEM image are 
pointed out by red arrows. 

 

 TEM images of individual nanocellulosic materials (set-1) and corresponding composites 
with MWCNT (set-2), for (a) B-SCNF (a.1 - provided by manufacturer), (b) SCNF, (c) TOCNF, (d) SCNC 
and (e) ACNC materials, respectively. The high magnification image (a.3) shows a hollow core MWCNT 
in the B-SCNF / MWCNT / Nafion composite, with graphitic lattice spacing. Red arrows in the images 
point to some of the MWCNT in the composites. Modified and reprinted with permissions from Publica-
tion I (Copyright © 2019 American Chemical Society) and Publication II (Copyright © 2021 the authors, 
published by American Chemical Society).  



Results and discussions 

43 
 

TEM tomography 

In order to better visualize the differences in the nanocellulose / MWCNT composite archi-
tectures resulting from the use of different nanocellulose grades, 3D reconstructions (Figure 
12) of the materials were produced using a novel TEM tomography technique. The tomographs 
of SCNF / MWCNT and TOCNF / MWCNT (Figure 12 a and b, respectively) composites clearly 
show that the cellulose nanofibrils result in porous, open architectures with well dispersed 
MWCNT (pointed out in red arrows). In contrast, the tomographs of SCNC / MWCNT (Figure 
12 c) and ACNC / MWCNT (Figure 12 d) show significantly denser architectures where the CNC 
materials appear to be closely packed around the MWCNT. These results indicate that the CNF-
based composites are likely to have considerably higher exposed MWCNT surface area com-
pared to the CNC-based composites.  

 

 

 TEM tomographs of, (a) SCNF / MWCNT, (b) TOCNF / MWCNT, (c) SCNC / MWCNT and 
(d) ACNC / MWCNT composites, with some clearly distinguishable MWCNT pointed out with red arrows. 
Modified and reprinted with permission from Publication III (Copyright © 2022 the authors, published by 
Springer Nature) 
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Gas adsorption analysis (BET) 

Porosity, total pore volume (VT at a relative pressure of P/P0 = 0.990) and specific surface 
area (SBET) of the different nanocellulose / MWCNT composites were estimated using gas ad-
sorption analysis with the BET method (Publication III). All composites exhibited Type IVa194 
isotherms (Figure 13), indicating the presence of predominantly meso / macroporous struc-
tures. The CNC-based composites exhibited higher specific surface area of 112 m2/g (SCNC / 
MWCNT) and 66 m2/g (ACNC / MWCNT), respectively, compared to the CNF-based compo-
sites with 55 m2/g (SCNF / MWCNT) and 3 m2/g  (TOCNF / MWCNT), respectively. Similarly, 
the total pore volume was also observed to be higher for the CNC-based materials (0.85 cm3/g 
and 0.41 cm3/g for SCNC- and ACNC- composites, respectively), compared to the CNF-based 
composites (0.5 cm3/g and 0.025 cm3/g for SCNF- and TOCNF- composites, respectively). It 
must be noted that the composites were dried from aqueous suspensions in the oven at 80 °C, 
in order to mimic the actual drying conditions used in electrode making. This resulted in une-
ven flaky solids in the case of CNF-based composites, compared to more powdery substances 
from the CNC-based composites. The large differences in specific surface area and total pore 
volume could be a result of the artifacts from the differences in the dried materials. However, 
the mean pore diameters estimated from BET analysis were higher for the CNF-based compo-
sites (37 nm and 35 nm, for SCNF- and TOCNF- composites, respectively), compared to the 
CNC-based composites (30 nm and 25 nm for SCNC- and ACNC- composites, respectively). 
These results are consistent with the TEM tomograph observations where the CNF based com-
posites exhibit the formation of more open architectures. Although the BET analysis provides 
a comparative understanding of the porosity of different composites, these values cannot be 
considered as absolute quantitative measures. This is because, the porosity of the composites 
in actual measurement environment (aqueous PBS solution in this study) is expected to be 
significantly different than in the dry state, due to the well-known swelling of the nanocellulo-
sic materials.138,195  

 

 Gas (N2) adsorption isotherms obtained for the different nanocellulose / MWCNT compo-
sites, used in BET analysis. Modified and reprinted with permission from Publication III (Copyright © 
2022 the authors, published by Springer Nature) 
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SEM and profilometry 

The drop-cast nanocellulose / MWCNT composite electrode morphologies were investigated 
using planar and cross-sectional SEM images in Publications I and II (Figure 14). Planar im-
ages (Figure 14 (top)) show a dense network of carbon nanotubes in each composite, and the 
cross-sectional images (Figure 14 (bottom)) indicate that the MWCNT are uniformly dispersed 
throughout the thickness of the composites, without any apparent gradients or clustering. The 
manual cleaving for cross-sectional samples resulted in the cracking and lift-off of the compo-
sites in several places, making it difficult to estimate the overall drop-cast membrane thickness 
from cross-sectional SEM images. Profilometry studies were therefore carried out to estimate 
the thickness and surface profiles of the dried drop-cast composite electrodes.  

 

 Planar (top row) and cross-sectional (bottom row) SEM images of the drop-cast nanocellu-
lose / MWCNT composites. Modified and reprinted with permissions from Publication I (Copyright © 
2019 American Chemical Society) and Publication II (Copyright © 2021 the authors, published by Amer-
ican Chemical Society). 

Optical images and corresponding profilometer scans for the different drop-cast composites 
are shown in Figure 15. The B-SCNF / MWCNT / Nafion composite (a) shows a highly rough 
surface profile, with an average thickness of ~8.9 ± 4.5 µm. The other purely nanocellulose / 
MWCNT composites show smoother surface profiles, with an average thickness of 2.3 ± 0.4 
µm (SCNF / MWCNT), 2.7 ± 0.3 µm (TOCNF / MWCNT), 1.8 ± 0.1 µm (SCNC / MWCNT), and 
1.5 ± 0.2 µm (ACNC / MWCNT), respectively. It must be noted that the B-SCNF / MWCNT / 
Nafion composite was made with a higher dry weight percentage of 0.55 wt % MWCNT, com-
pared to the other purely nanocellulose / MWCNT composites, with 0.125 wt % MWCNT. The 
observed higher thickness of the B-SCNF / MWCNT / Nafion composite (~4 times), compared 
to other composites, is thus consistent with a similar increase in dry wt % of MWCNT. Further, 
a thickness gradient was observed along the diameter of the purely nanocellulose / MWCNT 
composites (Figure 15 b-d), with a thicker outer (~800 µm wide fringe) compared to a less 
thick central region. This fringe pattern is a typical artefact of drop-cast films, due to the gra-
dient in solvent evaporation, and is known as the coffee-ring effect.196 The fringe pattern is 
most pronounced in the ACNC / MWCNT composite, due to the higher surface tensions caused 
by large dimensional mismatch between the ACNC and MWCNT components.197     
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 Optical images (top row) and corresponding profilometry scans (bottom row) of the drop-cast 
B-SCNF / MWCNT / Nafion (a), SCNF / MWCNT (b), TOCNF / MWCNT (c), SCNC / MWCNT (d) and 
ACNC / MWCNT (e) composites on ta-C substrates, respectively. Modified and reprinted with permis-
sion from Publication II (Copyright © 2021 the authors, published by American Chemical Society).  

5.1.3 Surface chemistry 

Elemental analysis and conductometric titration 

The B-SCNF material, used in Publication I, was specified by the manufacturers to have a 
high degree of sulfation, with 1.8 mmol/g of sulfate (OSO3-) functional groups. The other func-
tionalized nanocellulosic materials used in Publications II and III were characterized using 
elemental analysis (SCNF, SCNC and ACNC) and conductometric titration (TOCNF), to esti-
mate the degree of functionalization. The SCNF material showed an elemental content of 5.44 
% S (≡ 1.7 mmol/g OSO3-), as well as 2.76 % elemental N (≡ 1.97 mmol/g NH4+) from the am-
monium sulfate reaction product during functionalization.158 The degree of sulfation of both 
B-SCNF and SCNF materials are comparable to the amount of sulfonic groups (SO3-) present 
in commercially available Nafion suspensions with 1.03−0.93 mmol/g of SO3− substitution. 
The elemental S content of SCNC material was estimated to be 0.55 %, corresponding to 0.17 
mmol/g OSO3-, which is an order of magnitude lower than that of SCNF material. The ACNC 
material also showed an elemental S content of 0.38 %, from the sulfated raw material, in ad-
dition to 0.95 % N content, corresponding to 0.12 mmol/g OSO3- and 0.68 mmol/g NH3+, re-
spectively. The TOCNF material was analyzed using conductometric titration and was esti-
mated to have 1.3 mmol/g of carboxyl group (COO-) substitution.  

FTIR spectroscopy 

The surface chemistry of the different nanocellulosic materials and chemical nature of the 
functional groups were further verified using FTIR spectroscopy in Publications I and II, in the 
spectral range of 400 to 4000 cm-1. In the higher spectral range (>1800 cm-1, shown in Publi-
cations I and II), all cellulosic materials show the characteristic broad OH stretching peak 
(from ~3100 to 3600 cm-1 – related to adsorbed water) and symmetrical CH stretching peak 
(~2900 cm-1), but no functionalization specific peaks. Absorbance spectra of the different 
nanocellulosic materials in the 700 to 1800 cm-1 spectral range are shown in Figure 16, along 
with some of the significant peaks and their peak associations.198–200 The spectra are normal-
ized by the standard normal variate (SNV) method,201 and vertically translated for clarity. The 
B-SCNF (red) and SCNF (blue) materials show strong peaks associated with the sulfate (OSO3-



Results and discussions 

47 
 

) functional groups, at ~1250 cm-1 and 810 cm-1, corresponding to the S=O asymmetric and 
symmetric C-O-S stretching (γ) vibrations, respectively.202 The SCNC and ACNC materials 
show closely resembling absorbance spectra, with only weak peaks corresponding to the sulfate 
group. The ACNC material does not show any amino-silane functional group specific peaks in 
the FTIR spectra, despite the estimated 0.68 mmol/g NH3+ group in elemental analysis. The 
TOCNF material shows a strong peak at ~1610 cm-1, corresponding to the stretching vibrations 
of the COO- functional group.136 The composite materials along with the pristine MWCNT were 
also investigated using FTIR spectroscopy, where some nanocellulose (and nafion in Publica-
tion I) functional groups can be seen as weak peaks masked  by the strong absorbance from the 
MWCNT (spectra in Publications I and II).  

 

 FTIR spectra of the different nanocellulosic materials shown along with characteristic cellu-
lose and functional groups related peak associations. Modified and reprinted with permissions from 
Publication I (Copyright © 2019 American Chemical Society) and Publication II (Copyright © 2021 the 
authors, published by American Chemical Society).  

Raman spectroscopy 

Raman spectroscopy was carried out on the composite materials, in order to identify any 
possible changes to the MWCNT structural and surface properties in the different composites. 
Figure 17 shows the Raman spectra of the different composites, along with the pristine 
MWCNT reference, obtained with a 514 nm Ar laser excitation, in the 50 to 3000 cm-1 spectral 
range. The spectra are normalized by SNV method and vertically translated for clarity. All spec-
tra exhibit strong first order peaks corresponding to the D (disorder induced) and G (intrinsic 
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graphitic vibrations) bands at 1350 cm-1 and 1580 cm-1, respectively.203 In addition, strong sec-
ond order peaks at ~2685 cm-1 and 2920 cm-1, corresponding to the G’ and D+G bands are also 
observed in all spectra.204 The ratio of D and G band peak intensities (ID/IG) is used to evaluate 
the structural purity of MWCNT, in which an increase in the ID/IG ratio indicates an increase 
in the structural defects. The ID/IG ratio of pristine MWCNT, as well as the MWCNT in all com-
posites in this study are found to be ~0.9 ± 0.03, (n=4, from multiple spectra obtained at each 
sample), indicating that the MWCNT are structurally unmodified in all prepared composites. 
The high ID/IG ratio also indicates that the MWCNT used in this work have a high density of 
defects inherently. Further, as observed in Figure 17, the peak positions associated with the 
different first and second order MWCNT peaks are identical to the pristine MWCNT sample in 
all composite spectra, indicating the absence of covalent modifications on the MWCNT surface. 
However, the resolution of both FTIR and Raman spectroscopy are limited and do not allow 
for detailed investigation of the surface chemical nature of carbon nanotubes in such compo-
sites. 

 

 Raman spectra of the composites along with the pristine MWCNT reference, obtained using 
a 514 nm Argon laser excitation.  

XAS spectroscopy 

Electrocatalytic properties of CNT-based electrodes are known to strongly depend on their 
surface oxygen-based functionalities.87 XAS analysis has been used in this work, to examine 
the carbon and oxygen surface functionalities of the MWCNT dispersed in various functional-
ized nanocellulosic materials. Figure 18 shows the normalized total electron yield spectra of 
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the different composites, along with the reference functionalized nanocellulose and pristine 
MWCNT spectra, measured at C 1s (a) and O 1s (b) edges, respectively. In the C 1s spectra, 
pristine MWCNT sample shows strong absorption peaks at 285.2 eV and 291.6 eV correspond-
ing to sp2 π* and long range sp2 transitions, respectively. In addition, a small shoulder at 292.8 
corresponding to sp2 σ* transitions is also distinguishable in the MWCNT C 1s spectrum.179 All 
functionalized nanocellulosic materials spectra (colored dash lines) show strong peaks at 289.3 
eV and 290.7 eV, attributed to the 1s→π* transitions of C-OH and C-H bonds in the cellulose 
structure, respectively.205 The nanocellulosic materials also show a peak at 285.2 eV (at lower 
intensities compared to MWCNT), which is attributed to the C-H bonds in the cellulose struc-
ture, however the long range sp2 peak (291.6 eV) sp2 σ* transitions peak (292.8 eV) are not 
distinguishable in the nanocellulose spectra.  

 

 Normalized TEY - XAS spectra (vertically translated for clarity), along with important peak 
associations. The CNT-specific peaks are denoted by solid vertical lines and nanocellulose related 
peaks are denoted by dashed lines (common legend for both a and b). Modified and reprinted with 
permission from Publication III (Copyright © 2022 the authors, published by Springer Nature). 

The nanocellulose / MWCNT composites exhibit a combination of MWCNT and correspond-
ing nanocellulose C 1s spectra. The long range sp2 peak at 291.6 eV, and sp2 σ* transitions peak 
at 292.8 eV are both clearly distinguishable in all the composites, despite the large background 
from the cellulosic materials in this region. In the O 1s spectra, the MWCNT sample does not 
show any distinct peaks indicating inherently low surface oxygen functionalities. The nanocel-
lulosic materials show strong peak in both π and σ regions, corresponding to the 1s→π* tran-
sitions of C=O (531.5 eV and 532 eV) and σ* resonances in the cellulose molecule.205 The 
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TOCNF material shows a slight shoulder next to the 532 eV peak, towards ~532.8 eV, owing to 
the presence of carboxyl functional groups. The O 1s spectra of the composite samples are a 
near exact replica of the corresponding nanocellulosic material spectrum, with no additional 
features distinguishable. The lack of new features in both C 1s and O 1s spectra are clear indi-
cation that the MWCNT surfaces are chemically unmodified, and are similar in all composites 
with the different nanocellulosic materials.  

The key results from different physical and chemical characterization methods discussed so 
far are tabulated in Table 4. These results clearly indicated that the intrinsic physical and chem-
ical nature of the MWCNT is unmodified by their dispersion in various functionalized nano-
cellulosic materials. On the other hand, the nanocellulose / MWCNT composite morphologies 
were seen to be highly dependent on the nature of the nanocellulosic material used. TEM to-
mography enabled the direct visualization of these differences in the composite architectures, 
where the CNF materials were seen to form more porous, open architectures with MWCNT, 
while the CNC materials were closely packed around the MWCNT, resulting in denser archi-
tectures. Correspondingly, BET analysis also indicates that the CNF-based composites had 
larger mean pore diameters compared to CNC-based composites. These results help interpret 
the origin of varying electrochemical behaviors observed at the different nanocellulose / 
MWCNT composite electrodes, as discussed in the following sections.  

Table 4. Summary of physical and chemical characterization results.  

Nanocellulose B-SCNF SCNF TOCNF SCNC ACNC 

ζ-potential* -40  −35.7 −33.1 −35 −27.7 

Dimensions 5-10 nm wide 
~200 nm long 

4 ± 1 nm wide 
~ few µm long 

3 ± 1 nm wide 
~ few µm long 

5 ± 2 nm wide 
100 – 200 nm long 

4 ± 1 nm wide 
< 100 nm long 

Functional groups OSO3
- OSO3

- COO- OSO3
- OSO3

-, NH3
+ 

Charge density 1.8 [OSO3
−] 1.7 [OSO3

−] 1.3 [COO−] 0.17 [OSO3
−] 0.12 [OSO3

−], 
0.68 [NH3

+] 

Composite 
B-SCNF 
/ MWCNT 
/ Nafion 

SCNF / MWCNT TOCNF / MWCNT SCNC / MWCNT ACNC / MWCNT 

Mean pore dia n.a. 37 nm 35 nm 30 nm 25 nm 

Thickness 8.9 ± 4.5 µm 2.3 ± 0.4 µm 2.7 ± 0.3 µm 1.8 ± 0.1 µm 1.5 ± 0.2 µm 

* B-SCNF was measured in 1 mM KCl and other nanocellulosic materials in 0.1 x PBS (equivalent to 10 mM KCl).  

5.2 Electrochemical behavior 

Electrochemical performance of the different nanocellulose / MWCNT composites were 
mainly assessed using cyclic voltammetry measurements in this work. All CVs presented in this 
study (and included publications) are as measured curves, without background corrections or 
other signal processing. The peak currents (Ipa, Ipc) presented here have been estimated with 
the corresponding anodic or cathodic baseline subtractions (peak lines as described in Figure 
9), using the Echem Analyst software. The electrolytes used in this study are either 1 M KCl or 
1x PBS (also known as 10 mM PBS) whose ionic composition (137 mM NaCl, 2.7 mM KCl, 10 
mM Na2HPO4 and 1.8 mM KH2PO4) is similar to that of physiological fluids.  As standard meas-
urement protocol, all electrodes were pre-soaked in the blank measurement electrolyte (PBS 
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or KCl), for a minimum of 45 mins before the electrochemical measurements in order to allow 
the composites to reach a stable hydrated state. The electrodes were also kept immersed in the 
same blank solutions between different measurements, throughout the measurement day. Me-
chanical stabilities of the composites in the different electrolytes were assessed visually. In 
Publication I, the control mixtures of B-SCNF / MWCNT without Nafion, and MWCNT / 
Nafion without B-SCNF, both resulted in poor electrode performance (Publication I, support-
ing information). Hence in this context, Nafion was deemed essential to improve the adhesion 
of the composite to ta-C, while the presence of B-SCNF was clearly observed to improve the 
MWCNT dispersion and uniformity of resulting electrode. In Publication II and III, all studied 
nanocellulose / MWCNT composites demonstrated excellent mechanical stability over pro-
longed immersion (over 8 hours) in the electrolytes, without any delamination even under stir-
ring. The PEI self-adsorbed layer used in this protocol (Figure 8 b, above) was thus seen to 
clearly enhance the adhesion of the purely nanocellulose / MWCNT dispersions onto the ta-C 
substrates. 

5.2.1 Potential windows 

In order to establish the maximum operating potential window for all composites, CV meas-
urements were carried out in 0.15 M H2SO4, at a scanrate of 400 mV/s. The ta-C substrate used 
in this work showed a stable wide potential window of ~3.8 V (Figure 19a) with a threshold 
current of 400 µA at the OER (+2.4 V) and HER potentials (-1.4 V), similar to previously re-
ported values for such electrodes.89,206 Potential window of the B-SNCF / MWCNT / Nafion 
composite was measured to be ~2.9 V, with strong HER and OER at -1.1 V and +1.8 V, respec-
tively (Figure 19a, right y-axis (red)). The background currents were significantly higher for 
the B-SCNF / MWCNT / Nafion composite, compared to the ta-C substrate (note the order of 
magnitude higher y-scale), and the current threshold for OER and HER was set to be 5 mA in 
this case. The other purely nanocellulose / MWCNT composites showed a stable wide potential 
window of ~2.6 V, ranging from -1 V to +1.6 V  (Figure 19b) for a threshold current of 1 mA.  

 

 Potential (water) windows estimated by CV measurements in 0.15 M H2SO4, at a scanrate 
of 400 mV/s, for (a) ta-C substrate and B-SCNF / MWCNT / Nafion composite (note the higher y-scale 
(red) for the composite) and (b) the other four nanocellulose / MWCNT composites (Publication II – 
modified and reprinted here with permission Copyright © 2021 the authors, published by American 
Chemical Society). 
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The CNC-based composites (SCNC / MWCNT and ACNC / MWCNT) showed strong OER and 
HER at around +1.6 V and – 1 V, respectively, whereas the current increase due to OER and 
HER in the CNF-based composites (SCNF / MWCNT and TOCNF / MWCNT) was less pro-
nounced at these potentials. However, with increasing potentials, film delamination due to 
bubbling was noticed in all composites, and therefore the width of stable operating potential 
widow was determined to be 2.6 V (from -1 V to +1.6 V). In comparison, MWCNT forests grown 
directly on ta-C films with Al/Co/Fe catalyst were reported to have a water window of ~2.7 V, 
similar to this work.89 These results verify that the presence of different nanocellulosic mate-
rials does not significantly reduce the operation potential window of the MWCNT composite 
electrodes. 

5.2.2 Cyclic voltammetry backgrounds 

Electrochemical stabilities of the different composites were assessed by background CV meas-
urements in blank electrolytes, where each electrode was scanned for 100 cycles at 500 mV/s 
scanrate in a potential window of -0.6 to +1 V. Some faradic peaks and slightly higher anodic 
currents were observed in the first few cycles for most electrodes (including the ta-C substrate 
– Figure 20 a), possibly from surface impurities during electrode making. However, with con-
secutive cycling, the background currents stabilized over the entire potential range, and no 
changes in background currents were observed after the 25th cycle. Thus, as a standard proto-
col, all electrodes used in further studies were first background stabilized in the corresponding 
blank electrolytes with 25 cycle CV measurements. Figure 20 shows the 1st, 25th and 100th 
cycle background CV measurements in PBS for the ta-C substrate and the different composites. 
The background currents at the nanocellulose / MWCNT composites are seen to be consider-
ably higher than that of the ta-C substrate.  

 

 Stability of background currents over 100 cycle CV measurements made in PBS at a scan-
rate of 500 mV/s, for (a) ta-C substrate and B-SCNF / MWCNT / Nafion composite (note the higher y-
scale (red) for the composite) and (b) the other four nanocellulose / MWCNT composites (Publication II 
modified and reprinted here with permission Copyright © 2021 the authors, published by American 
Chemical Society). CVs of cycles 1, 25 and 100 (c1, c25, c100) are shown for each electrode.  

5.2.3 Pseudocapacitance 

The changes in background currents at different CV scan rates were also studied in Publica-
tions I (PBS) and II (PBS, 1 M KCl) for all composites (and ta-C substrate), from 25 mV/s to 
500 mV/s. Pseudocapacitance values were estimated from these background CV scans at 
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different scan rates, according to the equation Cp = (δIa − δIc)/(2 × scan rate), where δIa and δIc 
are the anodic and cathodic currents averaged over three potential ranges (−0.15 to −0.05, 0.2 
to 0.3, and 0.45 to 0.55 V), respectively. For the sake of comparison, pseudocapacitance values 
of the composites were calculated per geometrical electrode area (0.07 cm2 – corresponding to 
the 3 mm diameter exposed ta-C substrate), and the values (averaged from different scan rates) 
are tabulated in Table 5. Compared the unmodified ta-C substrate (~10 µF/cm2), the purely 
nanocellulose / MWCNT composites showed over a 100-fold increase in geometrical pseudo-
capacitance (>1.5 mF/cm2). The B-SCNF / MWCNT / Nafion composite (Publication I) showed 
~4 times higher geometrical pseudocapacitance compared to other nanocellulose / MWCNT 
composites (Publication II). This corresponds to the ~4 times higher dry wt % of MWCNT in 
the B-SCNF / MWCNT / Nafion composite (0.55 wt %) compared to other composites with 
0.125 wt % MWCNT. In comparison, Sainio et al. reported a geometrical pseudocapacitance of 
~350 µF/cm2 for their MWCNT forests grown directly on diamond-like carbon thin films.89   

Table 5. Summary of basic electrochemical properties of the composites.  

 ta-C 
B-SCNF / 

MWCNT / 
Nafion 

SCNF / 
MWCNT 

TOCNF / 
MWCNT 

SCNC / 
MWCNT 

ACNC / 
MWCNT 

Potential 
window 3.8 V 2.9 V 2.6 V 2.6 V 2.6 V 2.6 V 

Pseudo- 
capacitance 10 µF/cm2 5.9 mF/cm2 1.6 mF/cm2 1.8 mF/cm2 1.7 mF/cm2 1.5 mF/cm2 

Such wide operation potential, high electrochemical stability and possibility to achieve very 
large pseudocapacitance values have resulted in an increased interest in the development of 
nanocellulose / nanocarbon composites for supercapacitors and energy storage applica-
tions.207–210  In electroanalytical applications, a high capacitive background current is often 
considered a limitation as it would cause interference with the faradic currents from the ana-
lyte redox reactions, thereby affecting the electrode sensitivity. However, the high stability of 
the background currents over a wide potential window (1.6 V) obtained at all nanocellulose / 
MWCNT composites in this work are still highly promising for electroanalytical applications. 
Electroanalytical performances of the different composites were evaluated with both outer and 
inner sphere redox molecules and the key results are outlined in the following sections.  

5.2.4 Outer and inner sphere redox molecules 

Electroanalytical responses of the B-SCNF / MWCNT / Nafion composite electrodes towards 
various anionic and cationic outer and inner sphere redox molecules (Publication I) are shown 
in Figure 21 a and b, respectively. The OSR molecules, cationic Ru(NH3)62+/3+ and anionic 
IrCl63-/2-, were measured in 1 M KCl solution in this study. A clear difference in sensitivity was 
observed towards the differently charged OSR probes at the composite electrodes. The cationic  
Ru(NH3)62+/3+ exhibited significantly higher redox currents (Ipa = 60 µA, Ipc = -71 µA) in CV 
measurements at 100 mV/s scanrate, compared to the anionic IrCl63-/2- (Ipa = 12 µA, Ipc = -16 
µA) redox couple, for the same 1 mM concentration. Electrochemical responses of the OSR 
molecules were also studied over different scan rates from 25 to 1000 mV/s (Publication I - 
Figure 3), and the redox currents of 1 mM Ru(NH3)62+/3+ were seen to vary linearly with direct 
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scan rate, indicating an adsorption controlled process. Thielemans et al.211 noted a similar elec-
trostatic adsorption effect for Ru(NH3)62+/3+ at their glassy carbon electrodes coated with ani-
onic cellulose nanowhiskers.  In contrast, the 1 mM IrCl63-/2- probe showed a linear relationship 
with the square root of scan rate, indicating a diffusion controlled process. Increasing the cat-
ionic Ru(NH3)62+/3+ probe concentration from 1 to 5 mM resulted in a shift towards more dif-
fusion controlled behavior. Washout studies carried out with 1 mM Ru(NH3)62+/3+ indicated 
that only negligible amount of Ru(NH3)62+/3+ molecules were trapped within the composite 
electrode (Publication I – Figure 4).  

 

 Cyclic voltammograms at 100 mV/s scan rate, showing the response of B-SCNF / MWCNT 
/ Nafion composites towards (a) OSR probes – 1 mM Ru(NH3)6

2+/3+ Ru (blue, bottom x-axis), and 1 mM 
IrCl63-/2- (red, top x-axis) measured in 1 M KCl and (b) ISR molecules – 100 µM dopamine, 500 µM uric 
acid and 1 mM ascorbic acid measured in PBS. Modified and reprinted with permission from Publication 
I (Copyright © 2019 American Chemical Society)   

Similarly, strong electrostatic effects were observed in the electroanalytical responses of ISR 
molecules evaluated at the B-SCNF / MWCNT / Nafion composite electrodes in 1x PBS, with 
CVs at 100 mV/s scanrate (Figure 21 b). The cationic dopamine molecules resulted in signifi-
cantly higher redox currents currents (Ipa = 80 µA, Ipc = -66 µA) in CV measurements at 100 
mV/s scanrate, compared to both the anionic probes ascorbic acid (Ipa = 24 µA) and uric acid 
(Ipa = 74 µA, Ipc = -11 µA), which were tested at 10 and 5 times higher concentrations, (1 mM 
AA, 500 µM UA) respectively, compared to dopamine (100 M DA). Further, the redox currents 
of dopamine were seen to vary linearly versus the direct scan rate (Publication I – Figure 5), 
similar to 1 mM Ru(NH3)62+/3+, indicating the presence of adsorption controlled processes for 
dopamine redox reactions at the B-SCNF / MWCNT / Nafion composite electrode. In contrast 
to the Ru(NH3)62+/3+ probe in 1 M KCl, washout studies with dopamine in PBS resulted in 
strong residual currents for dopamine in blank PBS (Publication I – Figure 4), indicating 
stronger enrichment of dopamine within the composite.  

Cathodic (negative) shifts in redox peak potentials were observed for both OSR and ISR mol-
ecules at the composite electrodes, compared to the ta-C substrate. The largest shift in peak 
potential was observed for ascorbic acid, from 0.46 V at the ta-C substrate, to ~0 V (vs 
Ag/AgCl) at the composite electrode. Such cathodic shifts in redox potentials are often 
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attributed to the electrocatalytic effect of carbon nanomaterials, due to the presence of large 
edge-plane graphitic sites and defects, as well as the metal nanoparticle impurities from the 
catalysts used in their production.68,78,80,212,213 Palomäki et al. observed a similar cathodic shift 
in the redox peak potentials of dopamine, ascorbic acid and uric acid, at their MWCNT modi-
fied ta-C electrodes where the MWCNT were grown directly on top of the ta-C substrates by 
CVD.90 However, in their work, Palomäki et al. observed significantly larger currents for 1 mM 
ascorbic acid compared to this study. In our work (Publication I), the presence of high density 
of anionic functional groups in both B-SCNF (1.8 mmol/g OSO3-) and Nafion (~1 mmol/g of 
SO3-) was seen to clearly result in enhanced charge selectivity due to electrostatic effects in the 
composite electrode, thereby resulting in higher redox currents for lower concentrations of 
cationic dopamine molecule compared to relatively much  lower currents for higher concen-
trations of the anionic AA and UA. Sensitivity and selectivity of the composite electrodes to-
wards varying concentrations of  DA in the interferent solution containing AA and UA are dis-
cussed later in this section.  

  

 Cyclic voltammograms measured in 1 mM Ru(NH3)6
2+/3+ and 1 mM IrCl63-/2- solutions in 1 M 

KCl (a, b) and PBS (c, d) respectively, at 100 mV/s scanrate, for the different composites modified and 
reprinted with permission from Publication II – Copyright © 2021 The Authors, published by American 
Chemical Society.  
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In the following works, the primary research objective was to develop robust and functional 
nanocellulose / MWCNT composite electrodes without the need for expensive and environ-
mentally hazardous polymeric components such as Nafion. As discussed earlier, the use of PEI 
interlayer was seen to result in excellent adhesion of the purely nanocellulose / MWCNT com-
posites drop-cast from aqueous suspensions on top of taC electrodes. To understand the effects 
of different nanocellulosic materials used in these composites, their electroanalytical responses 
towards the OSR probes were analyzed in detail in Publications II. Figure 22 a and b show the 
responses of different nanocellulose / MWCNT composites towards 1 mM  Ru(NH3)62+/3+ and 
1 mM IrCl63-/2-, respectively, in 1 M KCl solution. Similar profiles in the redox currents for both 
Ru(NH3)62+/3+ and IrCl63-/2- were observed at all four composites in 1 M KCl, with the 
Ru(NH3)62+/3+ probes resulting in only slightly higher currents (~20 µA), compared to IrCl63-/2- 
(~10 µA), as opposed to the ~6 times higher current difference observed at the B-SCNF / 
MWCNT / Nafion composite. Further, the differences between various functionalized nanocel-
lulose / MWCNT composites were seen to be negligible in this case, indicating that the nano-
cellulose functionalization and geometry do not significantly affect the electroanalytical per-
formance of the composites towards OSR molecules in such high ionic strength electrolytes.  

Table 6. Summary of electrochemical parameters estimated from CVs of OSR probes at 100 mV/s scanrate.   

  
B-SCNF / 

MWCNT / 
Nafion 

SCNF / 
MWCNT 

TOCNF / 
MWCNT 

SCNC / 
MWCNT 

ACNC / 
MWCNT 

Electrolyte  1 M KCl 1 M 
KCl PBS 1 M 

KCl PBS 1 M 
KCl PBS 1 M 

KCl PBS 

Ru(NH3)62+/3+ 

Ipa 
(µA) 55 23 108 21 49 19 22 19 22 

Ipc 
(µA) -69 -35  -119 -31 -81 -23 -39 -23 -32 

∆Ep 
(mV) 31 36 75 40 49 50 45 48 45 

IrCl63-/2- 

Ipa 
(µA) 14 9 11 10 12 8 13 8 13 

Ipc 
(µA) 10 -5 -14 -6 -17 -5 -16 -5 -17 

∆Ep 
(mV) 64 54 77 53 61 58 60 52 57 

In contrast, the four nanocellulose / MWCNT composites showed significantly different re-
sponses, especially towards the cationic Ru(NH3)62+/3+ in 1x PBS (with 10 times lower chloride 
ion concentration than 1 M KCl), as seen in Figure 22 (c). The SCNF / MWCNT composite with 
the highest degree of sulfate functionalization (1.7 mmol/g OSO3-) showed the highest increase 
in redox currents for Ru(NH3)62+/3+ (Ipa = 108 µA, Ipc = -119 µA), followed by the TOCNF / 
MWCNT composite (with 1.3 mmol/ COO-) which also resulted in much higher redox currents 
in PBS (Ipa = 50 µA, Ipc = -81 µA) compared to 1 M KCl. The SCNC / MWCNT and ACNC / 
MWCNT composites however showed only a slight increase in redox currents for Ru(NH3)62+/3+ 



Results and discussions 

57 
 

in PBS compared to 1 M KCl. The redox currents for IrCl63-/2- were observed to increase only 
slightly (~1.2 time higher) in PBS compared to 1 M KCl, for all composites. Further, the Ipa/Ipc 
ratios for Ru(NH3)62+/3+ in both electrolytes, at all composites, were seen to be less than unity 
(<1), indicating that the more positively charged Ru(NH3)63+ oxidation product was more 
strongly adsorbed in all composites. The differences in the composites behavior at different 
electrolytes were further analyzed with enrichment and washout studies for Ru(NH3)62+/3+ in 1 
M KCl and PBS (Publication II – Figure 6). In 1 M KCl, none of the studied composites showed 
either enrichment or retention towards Ru(NH3)62+/3+ molecules.  However, in PBS, the SCNF 
/ MWCNT composite showed a clear enrichment as well as strong retention of Ru(NH3)62+/3+ 
molecules. The TOCNF / MWCNT composite did not exhibit clear enrichment, however post 
washout, a clear retention of Ru(NH3)62+/3+ was observed in the residual current in blank PBS. 
In contrast, no recognizable enrichment or retention was observed at either of the CNC-based 
composites. Table 6 provides a summary of the measured electrochemical parameters at dif-
ferent composite electrodes (including B-SCNF / MWCNT / Nafion from Publication I), for 
OSR probes measured with a scan rate of 100 mV/s. 

 

 Cyclic voltammograms measured at the different composites, with 100 mV/s scanrate in PBS 
solution containing (a) 100 µM dopamine, (b) 100 µM paracetamol, (c) 500 µM uric acid and (d) 1 mM 
ascorbic acid. Modified and reprinted with permission from Publication III (Copyright © 2022 the authors, 
published by Springer Nature). 
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In Publication III, electroanalytical performances of the purely nanocellulose / MWCNT com-
posites towards various ISR small molecules having different ionic charges at physiological pH 
were analyzed in detail. In addition to the cationic DA and anionic UA and AA molecules pre-
viously studied in Publication I, paracetamol (PA) - a neutral ISR probe, was also investigated, 
to better understand the morphological effects. CVs measured at the different composites, with 
a scan rate of 100 mV/s, in PBS solutions containing 100 µM dopamine, 100 µM paracetamol, 
500 µM uric acid and 1 mM ascorbic acid are shown in Figure 23 a, b, c and d, respectively. 
The important electrochemical parameters estimated from these CVs are summarized in Table 
7 (including also B-SCNF / MWCNT / Nafion from Publication I). Redox peak potentials of all 
ISR probes exhibited a cathodic shift compared to the ta-C substrate, as also observed in B-
SCNF / MWCNT / Nafion composite, with the ascorbic acid oxidation peak occurring at ~0 V. 
Despite the different peak profiles, the onset potentials (Publication III) for the main oxidation 
and reduction peaks of all ISR probes were found to be same at all composites, clearly indicat-
ing that the MWCNT surface is chemically similar in all composites, as also observed in Raman 
and XAS measurements.  

In the CVs corresponding to 100 µM DA (Figure 23a), SCNF / MWCNT and TOCNF / 
MWCNT composites exhibited higher redox currents compared to the SCNC / MWCNT and 
ACNC / MWCNT composites, indicating that sensitivity towards ISR molecules can also be 
tailored by electrostatic effects. Interestingly, this trend was also observed in the redox currents 
of the neutral paracetamol molecules (Figure 23b), indicating that in addition to electrostatic 
effects, the differences in composite morphology might also have a significant effect on their 
electroanalytical behavior. Both uric acid and ascorbic acid (Figure 23 c and d) resulted in rel-
atively much lesser redox currents at all composites, despite their higher concentrations com-
pared to DA and PA. Enrichment and washout studies (Publication III) indicated that the 
SCNF / MWCNT composite significantly enriches DA, PA and UA, however the residual cur-
rents after washout for dopamine and paracetamol were found to be higher compared to uric 
acid. TOCNF / MWCNT composite showed a similar trend but to a lesser extent compared to 
SCNF / MWCNT. In contrast, both SCNC / MWCNT and ACNC / MWCNT composites showed 
negligible enrichment of the ISR molecules, and correspondingly, no residual currents were 
observed after washout. None of the composite electrodes in this work showed enrichment 
towards ascorbic acid, and no AA oxidation peak was recognizable after washout. 

Table 7. Summary of electrochemical parameters estimated from CVs of ISR probes at 100 mV/s scanrate. Modified 
and reprinted with permission from Publication III (Copyright © 2022 the authors, published by Springer Nature).   

 
 

B-SCNF / 
MWCNT / 

Nafion 

SCNF / 
MWCNT 

TOCNF / 
MWCNT 

SCNC / 
MWCNT 

ACNC / 
MWCNT 

100 µM  
Dopamine 

Ipa (µA) 79 17 13 10 7 

Ipc (µA) -68 -12 -8 -6 -3 

∆Ep (mV) 115 83 37 31 30 

100 µM  
Paracetamol 

Ipa (µA) n.a. 24 19 13 13 

Ipc (µA) n.a. -15 -13 -7 -7 

∆Ep (mV) n.a. 111 68 62 62 
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500 µM  
Uric acid 

Ipa (µA) 74 25 24 28 26 

Ipc (µA) -11 -9 -7 -4 -4 

∆Ep (mV) 79 68 43 40 40 

1 mM  
Ascorbic acid Ipa (µA) 23 15 11 12 14 

In order to fully comprehend the electrochemical results, the changes in the different nano-
cellulose / MWCNT composite morphologies due to the nature of nanocellulosic materials, and 
their response to ionic strength of the electrolyte must also be taken into account. Studies on 
nanocellulosic thin films clearly demonstrate that highly functionalized CNF-based films can 
have nearly 4 fold increase in thickness (from 13 to 50 nm) with a 97 % increase in relative 
humidity,138 whereas CNC-based films tend to be more rigid with only ~0.25 times increase in 
thickness195 for a similar increase in relative humidity. Ionic strength of the medium has also 
been shown to significantly influence the hydration and swelling of charged nanocellulosic 
films, where a lower ionic strength medium enables higher swelling of the charged nanocellu-
losic films due to less screening of the charges on the nanocellulosic materials.214 Therefore, it 
can be hypothesized that the extent of tailorability in the electroanalytical response of various 
nanocellulose / MWCNT composite, results from a combination of electrostatic and morpho-
logical effects dictated by the different nanocellulosic materials. To further verify this hypoth-
esis, the electrochemically active surface areas of all composites were estimated using the 
Randles- Ševčik (R-S) equation: 215 

𝐼𝐼𝑝𝑝,𝑓𝑓
𝑟𝑟𝑟𝑟𝑟𝑟 = ±0.446𝑛𝑛𝑛𝑛𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶�

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅

 

where 𝐼𝐼𝑝𝑝,𝑓𝑓
𝑟𝑟𝑟𝑟𝑟𝑟  is the peak forward (oxidation) current of the reversible voltammetric reaction, 𝑛𝑛 

is the number of electrons transferred in the reaction (n=1 for Ru(NH3)62+/3+), 𝑛𝑛 is the Faradays 
constant (C /mol), 𝐶𝐶 is the concentration of the analyte (mol/cm3), 𝑛𝑛 is the applied scan rate 
(V/s), 𝑅𝑅 is the universal gas constant (J/K∗mol), 𝑛𝑛 is diffusion coefficient (cm2/s) and 𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is 
the real electrochemically active surface area in cm2.  Using the literature value215 of 9.1∗10-6 
cm2/s for diffusion coefficient of Ru(NH3)62+/3+, the ECSA of different composites (Table 8) 
were estimated from the peak anodic currents (Ipa) obtained in their CV scans.  

Table 8. Electrochemically active surface area (ECSA) of different composites, estimated from Ru(NH3)62+/3+ re-
sponse at 100 mV/s scanrate, in PBS and 1 M KCl.   

  
B-SCNF / 

MWCNT / 
Nafion 

SCNF / MWCNT TOCNF / 
MWCNT SCNC / MWCNT ACNC / 

MWCNT 

Electrolyte 1 M KCl 1 M 
KCl PBS 1 M 

KCl PBS 1 M 
KCl PBS 1 M 

KCl PBS 

ECSA (cm2) from 
Ru(NH3)62+/3+ 0.22 0.09 0.42 0.08 0.19 0.07 0.09 0.07 0.09 

The B-SCNF / MWCNT / Nafion composite exhibited an ECSA of 0.22 cm2 in 1 M KCl, which 
was ~3 times higher than the geometrical electrode surface area of 0.07 cm2 (corresponding to 
3 mm diameter circular exposed ta-C area). The other purely nanocellulose / MWCNT compo-
sites did not exhibit a similarly high ECSA in 1 M KCl, however in PBS the SCNF / MWCNT  
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and TOCNF / MWCNT composites exhibited significantly higher ECSA of 0.42 cm2 and 0.19 
cm2, respectively (6 and 2.7 times higher than the ta-C geometrical area). In contrast, both the 
CNC-based composites showed only a very small increase (~1.2 times higher) in ECSA in PBS, 
compared to the geometrical surface area. As the dry wt % of MWCNT in all four purely nano-
cellulose / MWCNT composites were kept the same (0.125 wt %), and same volume of suspen-
sions were drop-cast in all cases, the volume of MWCNT in each of these four composites can 
be assumed to be the same. Therefore, the observed differences in ECSA, especially in the case 
of PBS, can only be resulting from the differences in the amount of exposed area of MWCNT 
(the electrochemically active component) in these composites. The TEM tomography and BET 
analysis results presented earlier in this chapter are also in agreement with these observations, 
thereby supporting the hypothesis that the morphologies of different nanocellulose / MWCNT 
composites are largely dictated by the nature of nanocellulosic material used, and consequently 
have a significant effect on their electroanalytical performance, towards both OSR and ISR 
molecules. Thus, it can be concluded that, by optimizing the choice of nanocellulosic material 
(functionalization and geometry) highly sensitive and selective electroanalytical platforms can 
be developed for various small molecules. As a proof-of-principle, selectivity and sensitivity of 
the different composites in this study were evaluated for dopamine in the presence of physio-
logically relevant concentrations of ascorbic acid and uric acid interferents, and the results are 
discussed in the following subsection.  

5.2.5 Selectivity in interferent solutions 

The CVs in Figure 24 show the response of the different nanocellulose / MWCNT composites 
developed in this work, together with that of a commercial MWCNT modified screen-printed 
electrode (DRP110CNT from DropSens) as a reference. For the sake of comparability, the com-
mercial DRP110CNT electrode were packaged using Teflon tape such that only a 3 mm diame-
ter circular area of the working electrode was available for electrochemical reactions. The pat-
terned reference and counter electrodes on the DRP110CNT electrodes were also masked by 
Teflon tape and the electrodes were used in a standard three electrode electrochemical cell 
setup instead, similar to those used for the nanocellulose / MWCNT composite electrodes pro-
duced in this work. A series of DA concentrations were measured by successive additions of 
concentrated DA stock solution, to an interferent solution containing 1 mM AA and 0.5 mM 
UA, corresponding to their maximum expected physiological concentrations.216  At the com-
mercial DRP110CNT electrode (Figure 24a), it is clearly seen that the dopamine redox reac-
tions occur at the same potential as the ascorbic acid oxidation (~0.21 V), and therefore the 
selectivity and sensitivity of this electrode towards dopamine in the presence of ascorbic acid 
is severely compromised at physiologically relevant concentrations. Low concentrations of DA 
(<1 µM) do not produce any noticeable change in the CV, and even at higher concentrations, 
the contribution of DA is difficult to discern due to the large interference from ascorbic acid. 
In contrast, all the composites produced in this work show a significantly higher cathodic shift 
of the ascorbic acid oxidation peak (to ~0 V), which can be attributed to a higher density of 
well dispersed MWCNT in these materials, as discussed earlier. In addition, the hygroscopic 
tendency of nanocellulose-based films could be expected to result in better analyte enrichment 
in these composites. Consequently, a clear dopamine oxidation peak is observable in all the 
nanocellulose / MWCNT composites (at ~0.21 V). Finally, the enhanced electrostatic effects in 
all nanocellulose / MWCNT composites (with predominantly negative functional groups) fur-
ther enable a higher sensitivity towards dopamine even at very low concentrations compared 
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to the interferents. Limits of detection of dopamine at the different composites were estimated 
in the linear range of 0.1 to 100 µM dopamine concentrations (Table 9) using the equation 
𝐿𝐿𝐿𝐿𝑛𝑛 =  3.3 ∗  𝜎𝜎/𝑆𝑆, where 𝜎𝜎 denotes the standard deviation (n=3) of anodic current at the do-
pamine oxidation potential (0.21 V) measured in the interferent solution before dopamine ad-
ditions, and 𝑆𝑆 denotes the slope of the linear fit of current vs concentration data (µA/µM) for 
each composite. 

 

 CVs (at 100 mV/s) for varying concentrations of dopamine (DA) in 0.5 mM uric acid (UA) and 
1 mM ascorbic acid (AA) solution, measured at commercial DRP110CNT (a), B-SCNF / MWCNT / Nafion 
(b), SCNF / MWCNT (c), TOCNF / MWCNT (d), SCNC / MWCNT (e) and ACNC / MWCNT (f) electrodes. 
Modified and reprinted with permission from Publication III (Copyright © 2022 the authors, published by 
Springer Nature). 

It must be iterated here, that the core aim of this work was to develop, characterize and 
demonstrate the potential of nanocellulose / MWCNT hybrid materials for electroanalytical 
detection of various small molecules. The analytes chosen in this study, both OSR and ISR, are 
thus intended to enable the investigation of the effects of different nanocellulosic materials on 
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tailoring the electrochemical performance of their resultant composites with MWCNT. De-
tailed investigations of the oxidation mechanisms of the different analytes are therefore not 
carried out in this work. Dopamine is a highly interesting and valuable ISR probe, whose elec-
trochemical oxidation is strongly dependant on the surface chemistry of the electrode. The ox-
idation mechanism of dopamine has been studied widely29,217–220 and is typically considered to 
be an electron transfer – chemical reaction – electron transfer (ECE) reaction. The dominant 
oxidation peak observed for dopamine at the electrodes used in this study (at ~0.2 V, Figure 
24) is a result of the first electrochemical reaction step, involving the two-electron oxidation of 
dopamine (DA) to dopaminequinone (DAQ). The B-SCNF / MWCNT / Nafion composite is 
seen to have the lowest LOD for dopamine in the interferent solutions. As discussed in the 
previous section, this composite also exhibited the strongest electrostatic effects for both OSR 
and ISR probes. This is not surprising, considering that the total density of negative functional 
groups is highest in this composite (1.8 mmol/g of OSO3- from B-SCNF and 1 mmol/g of SO3- 
from Nafion). Among the other purely nanocellulose / MWCNT composites produced in this 
work, both the CNF-based composites exhibited a LOD of 176 nM, whereas the CNC-based 
composites had a slightly higher LOD of 250 nM. It is interesting to note that, while the SCNF 
/ MWCNT composite clearly exhibited stronger electrostatic effects compared to the TOCNF / 
MWCNT composite, towards both OSR and ISR molecules individually, the LOD achieved in 
the interferent solution is the same for both SCNF / MWCNT and TOCNF / MWCNT compo-
sites. Similarly, while the ACNC / MWCNT composite exhibited a slightly stronger electrocat-
alytic effect towards AA in PBS, the response of this composite to DA concentrations were al-
most exactly the same as observed in the SCNC / MWCNT composite. These results further 
affirm the hypothesis that the morphology of the nanocellulose / MWCNT composite has the 
most significant effect upon the overall electroanalytical performance of the composite elec-
trode.  

Table 9. Dopamine limit of detection (LOD) of the composite electrodes, estimated from CVs at 100 mV/s scanrate 
in the linear range of 0.1 to 100 µM dopamine concentration.   

 B-SCNF / 
MWCNT / Nafion SCNF / MWCNT TOCNF / MWCNT SCNC / MWCNT ACNC / MWCNT 

LOD (nM) 107 176 176 250 250 

5.3 Summary 

Based on the physical, chemical and electrochemical results discussed in the previous sec-
tions, the following key observations can be summarized:  

• Nanocellulosic materials with different geometries and functionalizations can pro-
duce highly stable aqueous suspensions of MWCNT by tip sonication. 

• Robust drop-cast electrodes with wide operation potentials and excellent electro-
chemical stability can be obtained from these nanocellulose / MWCNT suspensions.  

• Use of a PEI self-adsorbed layer (Publications II and III) significantly enhances the 
mechanical stability of the drop-cast electrodes on hydrophobic substrates like ta-C, 
thereby eliminating the need for other polymeric binding components (such as 
Nafion used in Publication I) in the composites.  
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• Inherent physical and chemical nature of MWCNT is unmodified by their dispersion 
in various nanocellulosic materials.  

• Long and flexible cellulose nanofibrils form open architectures with MWCNT 
whereas the shorter and rigid cellulose nanocrystals are packed more closely around 
MWCNT, resulting in denser architectures with lesser mean pore diameters and con-
sequently, lower electrochemically active surface area.  

• Nanocellulosic material properties primarily dictate the extent of electrostatic effects, 
and composite morphology, and the effect is different in electrolytes of different ionic 
strengths. 

• Composite morphology is seen to have the most significant effect on overall electro-
analytical performance of the nanocellulose / MWCNT composites.  

• Combined electrostatic and morphological effects result in higher electrochemically 
active surface area, better sensitivity and (charge-based) selectivity at the CNF-based 
composites, compared to CNC-based composites. 

 These observations clearly highlight the role of nanocellulosic materials in tailoring the elec-
troanalytical performance of the nanocellulose / nanocarbon composites, and can hopefully 
assist future researchers in choosing the right nanocellulosic material properties for such ap-
plications. 
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6. Conclusions and future outlook 

The primary objective of this work was to develop nanocellulose / nanocarbon composites for 
direct electrochemical detection of small molecules and understand the role of nanocellulose 
upon the performance of such composites. Accordingly, the various methods used in this work, 
and the key results discussed here, can be used to answer the initially formulated research 
questions as follows:  

(i) Does the inclusion of nanocellulose enhance the performance of a MWCNT -based 
electrochemical sensor? 

Yes - In Publication I, the inclusion of highly sulfated cellulose nanofibrils (B-SCNF) 
to the MWCNT / Nafion composite was shown to result in higher suspension stabil-
ity, improved selectivity towards dopamine and better temporal resolution (selectiv-
ity at relatively fast CV measurements) compared to the MWCNT / Nafion composite 
reference or other MWCNT-based electrodes in literature. Selective nanomolar de-
tection of dopamine in physiologically relevant interferent solution, using CV meas-
urements at 100 mV/s scanrate, was demonstrated for the first time using the pro-
posed B-SCNF / MWCNT / Nafion composite.  

(ii) Can nanocellulosic materials with different geometry and functionalization be used 
to develop robust and sustainable electrochemical platforms with MWCNT? 

Yes – In Publication II, both cellulose nanofibrils and cellulose nanocrystals with dif-
ferent surface functionalizations were used to develop highly stable aqueous suspen-
sions of commercially obtained MWCNT without any additional pretreatments. The 
aqueous suspensions were then used to develop highly robust electrochemical plat-
forms by drop-casting on ta-C substrates with a PEI self-adsorbed anchoring layer. 
All electrodes were shown to have a wide operation potential window (~2.6 V), with 
excellent electrochemical stability over prolonged cycling in different electrolytes (1 
M KCl and 1x PBS). 

(iii) How do the nanocellulosic material properties affect the physical, chemical and 
electrochemical properties of the nanocellulose / MWCNT composites?  

Extensive physical, chemical and electrochemical characterizations were carried out 
in Publications II and III, to elucidate the role of nanocellulosic material properties 
upon the electrochemical properties of their composites with MWCNT. The compo-
site morphology was seen to have the most dominant effect upon the electroanalyti-
cal properties of the composites. Correspondingly, it was observed that the cellulose 
nanofibrils, with a high degree of surface functionalization, resulted in open 
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composite architectures with well dispersed MWCNT, enabling increased electro-
chemically active surface area, enhanced electrostatic effects and higher redox cur-
rents for all studied OSR and ISR analytes. In contrast, the cellulose nanocrystals 
were seen to be more closely packed around the MWCNT, resulting in denser com-
posite architectures and therefore lower ECSA, and redox currents compared to the 
CNF-based composites.  

Additionally, it was demonstrated that all five nanocellulose / MWCNT composites proposed 
in this study clearly out-perform a standard commercial MWCNT-modified electrode, high-
lighting the potential of such materials for the sustainable development of electrochemical sen-
sors. The key results and observations of this research are expected to assist future researchers 
in choosing the right nanocellulosic material for tailoring the electrochemical sensitivity and 
selectivity of their nanocellulose / MWCNT composite towards their intended analytes.   

However, the field of nanocellulose / nanocarbon composite-based electrochemical sensing 
is still in its infancy, and there is plenty of room for future research and development.  For 
instance, the B-SCNF / MWCNT / Nafion composite proposed in Publication I showed the 
highest selectivity and lowest limit of detection towards dopamine. Further research is neces-
sary to investigate if a similar high performance can be achieved by optimizing the ratio of 
nanocellulose : MWCNT in aqueous suspensions without compromising suspension stability, 
or by replacing Nafion with fully dissolved cellulose derivatives such as carboxy methyl cellu-
lose (CMC). Tetrahedral amorphous carbon thin films were used as substrates in this study, 
owing to their excellent electrical, mechanical and chemical properties, as well as relative ease 
of use compared to other common substrates used in research, such as glassy carbon. However, 
for large scale industrial fabrication of sensors, alternative approaches such as screen or stencil 
printing should be investigated further. The high stability and shelf life (over 2 years) of all 
nanocellulose / MWCNT suspensions demonstrated in this work indicate their suitability for 
such approaches. Finally, the simplicity and versatility of electroanalytical platforms based on 
nanocellulose / MWCNT composites demonstrated in this research hint at the vast potential 
of such materials for the sustainable development of highly functional, fast and environmen-
tally friendly point-of-care sensors.  
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